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ABSTRACT 
 
Metal-Insulator-Metal (MIM), Metal-Insulator-Insulator-Metal (MIIM), and Metal-
Insulator-Insulator-Insulator-Metal (MIIIM) quantum tunneling diodes have been designed, 
fabricated, and characterized. The key interest of this work was to develop tunneling diodes 
capable of operating and detecting THz radiation up to 30THz, which is well beyond the 
operation ranges of other semiconductor-based diodes.  
Al2O3, HfO2 and TiO2 metal oxides were employed for studying the behavior of metal-
insulator-metal (MIM) and metal-insulator-insulator-metal (MIIM) quantum tunneling diodes. 
Specifically, ultra-thin films of these oxides with varied thicknesses were deposited by atomic 
layer deposition (ALD) as the tunneling junction material that is sandwiched between platinum 
(Pt) and titanium (Ti) electrodes, with dissimilar work functions of 5.3 eV and 4.1 eV, 
respectively.  
Due to the unique and well-controlled tunneling characteristic of the ALD ultra-thin 
films, reproducible MIM and MIIM diode devices have been developed. The DC characteristics 
of MIM and MIIM tunneling junctions with different junction areas and materials were 
investigated in this work. The effects of the different compositions and thicknesses of the 
tunneling layer on the diodes were studied systematically. Through the introduction of stacked 
dual tunneling layers, it is demonstrated that the MIIM and MIIIM diodes exhibited a high 
degree of asymmetry (large ratio between forward and reverse currents) and a strong nonlinearity 
xii 
 
in their I-V characteristics. The characterization was performed on diodes with micro and nano-
scale junction areas. 
The MIM diodes reported herein exhibited lower junction resistances than those reported 
by prior works. Moreover, a study was conducted to numerically extract the average barrier 
heights by fitting the analytical model of the tunneling current to the measured I-V responses, 
which were evaluated with respect to the thickness of the constituent tunneling layer. RF 
characterization was performed on the MIM diodes up to 65GHz, and its junction impedance 
was extracted. A rigorous procedure was followed to extract the diode equivalent circuit model 
to obtain the intrinsic lumped element model parameters of the MIM diodes. 
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CHAPTER 1: INTRODUCTION 
This research focuses on the development of zero-bias and DC-biased diodes with high 
responsivity for antenna-coupled detectors that are used in tightly packed 2D array formation for 
high frequency (terahertz THz) radiation detection. For the past few decades, a great deal of 
effort has been focused on the development of millimeter wave receivers [1-3]. Recently, there 
has been growing interest in the development of antennas with operating wavelength range 
between 1µm and 100µm. Despite the numerous potential applications, developments in this 
wavelength range have been largely unexplored due to the lack of affordable and convenient 
radiation sources and means of detection. However, advancements in laser and optics 
technologies in the mid-twentieth century have helped to address issues of radiation sources 
while the recent progress in semiconductor devices and nanofabrication technologies have been 
instrumental in building THz detectors [4]. 
Due to unique resistive switching behavior [5], Metal-Insulator-Metal (MIM) diode have 
sparked a great deal of interest since the 1960s. The earliest generation of MIM point-contact 
diodes were composed of an atomically sharp tungsten wire tip, placed in direct contact with a 
planar metal electrode that was coated with a thin layer of oxide [6, 7]. Despite the challenges of 
reproducing those point-contact devices, it has been envisioned that MIM diodes coupled with 
planar antennas  to create rectennas would hold great promise for detecting and mixing high 
frequency signals up to the THz range [8-10]. Particularly in the areas where high frequency 
rectification is needed, MIM diodes are anticipated to outperform their counterparts with either 
hetero-junctions or Schottky junctions [11], which have a rather limited cutoff frequency 
2 
 
(<3THz) [10] due to their fast response time. Several prior work on MIM diodes are either 
directed toward their nonlinearity, or their characteristics when integrated with antenna to form 
rectenna [12, 13]. 
1.1 Background 
A rectenna (e.g a tunneling diode-coupled antenna) concept, unlike the photovoltaic cell, 
utilizes the wave nature of electromagnetic radiation by collecting the longer wavelengths at the 
desired band [14, 15]. The device rectifies captured electromagnetic (EM) radiation and provides 
direct current (DC) electrical output. A typical rectenna system consists of two major elements, 
an antenna (slots, dipoles, spirals, and bow-tie) and a fast response tunneling diode. As shown in 
Fig.1.1, the alternating current (AC) signal collected by the antenna is channeled [16] through 
the diode where the rectification and mixing take place. It has been predicted that rectennas 
would not have the fundamental limitation of semiconductor band-gap, which constrains their 
conversion efficiencies [10, 17]. As a result, rectenna can be used in a variety of applications 
including harvesting solar energy [18, 19], chemical, and gas detection [20-22], medical imaging 
systems [23], non-volatile memory systems [24], and many other systems. 
While the characteristics and performance of the individual components of the rectenna 
elements have been extensively studied theoretically and experimentally, it has remained a 
challenge to perfectly couple the antenna to the diode to realize optimum performance in term of 
responsivity, sensitivity and noise equivalent power [25]. For example, performance analysis of 
the tunnel junction diode have been thoroughly reported [9, 11, 26, 27], but the issue of 
accurately matching diodes to antennas has not been fully addressed. Some attempt have been 
made to tackle these problems, but most were based on using the antenna model to predict the 
operating frequencies [28-30]. However, in these prior efforts, the responsivity of the device is 
3 
 
measured without proper matching thus hindering a good agreement with the operation 
frequencies and performance characteristics. 
 
Figure 1.1: Schematic diagram of a rectenna. The system is formed by coupling a diode to an antenna 
to form a detector. The concept is that the antenna absorbs the AC radiation while the incorporated 
diode rectifies the AC signal to generate a DC output.  
 
Figure 1.2: Equivalent circuit model for antenna coupled diode. RA is the antenna impedance, RD is the 
diode impedance, CD is the diode capacitance and the VD is the DC-bias voltage across the diode. 
 
Fig.1.2 shows an equivalent circuit model of an antenna coupled with a tunneling diode. 
The antenna section of the system is represented by the voltage source Vcosωt in series with 
internal resistance RA representing the radiation resistance of the antenna. The nonlinear 
resistance (RD) is the diode junction resistance in parallel with the diode shunt junction 
Antenna
Rectifier
D.C
Filter
Load
AC RD CD
Diode
VD
RA
Vcos ωt
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capacitance (CD) representing the behavior of the tunnel diode junction. The theory of impedance 
matching between the antenna to the diode was discussed by Sanchez [31] and Sarehraz [16]. In 
particular, Sanchez [31] examined the relationship between diode output voltage and the incident 
signal captured by the antenna, which is shown in the equations below: 
 DA
D
D
ZR
VZ
V


 (1.1) 
ZD is the equivalent impedance of MIM diode calculated from the parallel RD and CD  
 DD
D
D
RCj
R
Z


1
 1.2) 
Augeri [32] introduces the concept of additional voltage generator that represents the local 
oscillator LO  for the heterodyne receiver analysis.  
tVtVV SSLOLO  coscos   (1.3) 
therefore 
 DDADA
D
D
CRRjRR
VR
V


 (1.4) 
where junction capacitance   =       is due to the finite contact area A and the dielectric layer 
thickness L, ZD is the parallel combination of RD with Xj introducing the concept of “reduced 
frequency” q = ωCDRA, the “reduced diode resistance” x = RD/RA, and the “incident power” P = 
V
2
/8RA, then 
  xjq
Vx
VD


11  (1.5) 
Now the power dissipated in the shunt MIM diode resistance RD is: 
5 
 
  222
22
2
1 xqxR
xV
R
V
P
DD
D
r


 (1.6) 
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
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 (1.8) 
Let  
     
P
R
ttVVtVtV
A
LOSSLOSLOSSLOLO 
  coscos2coscos 222
2
 (1.9) 
  2221 xqx
Px
Pr


 (1.10) 
The condition to obtain the value of diode resistance that maximized Pr is 0 xPr . So at q<1, 
the maximum Pr takes place, i.e. RD =RA. 
1.2 Terahertz Radiation 
THz (10
12 
Hz) lies between the microwave and infrared regions of the frequency 
spectrum. The frequencies in this region can be expressed in different units. For example, a) 
Frequency (f) = 1THz; b) Angular frequency (ω) = 2πf; c) Period (τ) = 1/f; d) wavelength (λ) = 
c/f; e) Wave-number (κ) = κ/2π; f) Photon energy (hν) = ђω; and g) temperature (T) = hf/κB [33]. 
Fig.1.3 shows a detailed view of the position of the THz band on the electromagnetic spectrum. 
Historically, generating and detecting radiation in the THz band has been difficult. Only 
weak and incoherent radiation has been successfully generated, and these required bulky and 
expensive equipment [34, 35]. Due to these difficulties, frequencies in this region were largely 
unexplored. Early advancement in laser and optics technologies in the mid-1960s has led to the 
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discovery of the far-infrared laser [36, 37], and the CO2-pumped gas laser [38]. Production of 
these laser technologies has helped to eliminate the former problem (i.e. THz signal generation) 
while the progress in semiconductor devices and nanofabrication technologies have been 
instrumental for building terahertz detectors. Other THz radiation sources that are presently in 
use include photo-mixing [39], free electron laser (FEL) [40], synchrotron light [41], quantum 
cascade laser [42], and backward wave oscillator (BWO) [43]. Likewise, for the detection of 
THz radiation, a hybrid technology using ideas from both optical and microwave arenas have 
been employed that incorporates a quasi-optical collection system.  
 
 
Figure 1.3: Electromagnetic spectrum showing the THz range [33]. The band within the region 
consists of millimeter wave (MMW): 1-10 mm, 30-300 GHz, 0.03-0.3THz; sub-millimeter wave 
(SMMW): 0.1-1 mm, 0.3-0.3 THz; and far infrared (FIR): (25-40) to (200-350) μm, (0.86-1.5) to 
(7.5-12) THz [33]. 
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For the past few decades, a great deal of effort has been focused on the development of 
terahertz technology due to its increasing importance in a diverse range of human and societal 
activity. Due to its potential, many disciplines have been involved in the development of THz 
technologies. These include ultrafast spectroscopy [44], mobile communication [45], energy 
harvesting [46, 47], explosive substance detection [48], manufacturing [49], drugs [50], and bio-
medical imaging [23], and so on. 
1.2.1 Detection of THz Radiation 
The detection of THz radiation can be classified as either coherent (heterodyne) detection 
or incoherent (direct) detection [51]. With the coherent detection arrangement, the phase and 
amplitude of the field is measured [52]. Comparatively, incoherent radiation detection measures 
only the intensity of the field. Thus, coherent detectors are preferred for detecting THz radiation 
where higher sensitivity and spectral resolution is required. In coherent techniques, key 
components of generation and detection mechanisms are closely associated due to the use of the 
same radiation source. Therefore, coherent schemes are more often associated with generation of 
THz radiation than that of detection. 
Thermal sensors such as micro-bolometers [53], Golay cells [54], and pyroelectric 
devices [55] are traditionally used for detecting radiation in THz range. In addition, new 
propositions, based on the advancements in material engineering which explore different 
material principles and properties, have increased the option for THz radiation. Such innovation 
produces devices that include the carbon nanotube bolometer [56], hot electron room 
temperature bipolar semiconductor bolometers [57, 58], hetero-junction and homo-junction 
internal photoemission detectors [59, 60], the cold electron bolometer [61], the field effect 
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transistor (FETs) [62-65], quantum dots detectors (QDD) [66, 67], the Schottky diode with single 
walled nanotubes [68] and different antenna couple detectors [69-71], just to name a few. 
In direct detection scheme, the detector detects signal radiation (PSignal) and the 
background signal (PBackground). Signals collected by the optics were focused toward the detector, 
as shown in Fig. 1.4. The electrical signal from the detector is amplified to produce a signal that 
will be further processed [72]. One of the problems of this detection scheme is that its output 
signal has lots of distortion due to an inability to totally eliminate the background noise to 
mitigate its effect of the output. Also, the detected power is of high level due to the system 
device noise, circuit element and the amplifier. Examples of detector use for direct detection are 
the Golay cell, the pyroelectric detector, bolometers, microbolometers, and the hot electron InSb, 
Si, Ge bolometer [73]. 
 
 
Figure 1.4: Simple schematic diagram of direct detector/receiver setup. The two signals are represented 
by Psignal and PBackground for signal and background respectively. 
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Figure 1.5: The schematic diagram of indirect/heterodyne receiver setup. It includes the local oscillator, 
mixer and diplexer. Psignal is the radiation signal power, PBackground is the background radiation power 
  
The heterodyne detector is the one in which the THz frequency signals are down-
converted to an intermediate frequency using nonlinear devices [51, 72, 74]. Heterodyne detector 
achieves preservation of the amplitude and phase of the incident signal. The system is illustrated 
in Fig. 1.5. One of the key components of this system is the addition of the local oscillator to the 
signal and background radiant power, which provides the reference radiation power. Another 
enabling component of the heterodyne detector is the mixer with high nonlinearity for frequency 
translation. 
The most commonly used mixers in heterodyne detector systems include Schottky diodes 
[75], semiconductors and superconducting HEBs, superlattices (SLs) and the superconductor-
insulator-superconductor (SIS) tunneling diodes [76]. These devices have more advantages over 
other THz detectors, including: a) ability to detect the phase and modulation of the radiation 
frequency; b) higher spectral resolution (v/Δv~105-106) due to intermediate frequency being 
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significantly lower than radiation signal frequency [77]; and c) the ability to discriminate against 
noise from background radiation [78]. 
1.3 Dissertation Overview 
Metal-Insulator-Metal (MIM) diodes allow direct detection of THz radiation up to 
30THz, which is well beyond the operation ranges of other semiconductor-based diodes. The 
overlap between top and bottom electrode contacts determines the active device area, while the 
thickness, quality, bandgap, electron affinity, dielectric constant, and conduction band offset of 
the ultra-thin barrier set the tunneling characteristics. In the MIM structured diode, a small 
deviation (in the range of angstrom) of barrier thickness can cause a significant change in the 
tunnel resistance, and I-V responses [79]. So far, most prior efforts have been based on 
traditional thin-film deposition processes such as thermal oxidation, plasma enhanced chemical 
vapor deposition (PECVD), sputtering and so on, which have insufficient control over the 
quality, uniformity and repeatability of the nanometer-thick tunneling layer. In the effort herein, 
atomic layer depositions (ALD) have been employed for formation of the metal oxide layer(s). 
Due to the nature of self-limiting surface reactions, atomic layer control of the film growth can 
be obtained as fine as ~0.1 Å with exceptional uniformity and repeatability. By reducing the 
thickness of the tunneling barrier while retaining its properties, a new class of MIM diodes is 
produced with a faster response time (i.e., higher cutoff frequency) due to the use of minimum 
contact area and ultra-thin tunneling layers. 
Another issue that hinders the realization of the optimized responsivity for the antenna-
coupled detectors is ascribed to the impedance mismatch between the antenna and the diode. In 
this work, the equivalent circuit model of the diode will be extracted to study the characteristic 
impedance of the MIM diode. Subsequently, the configuration and geometry of the antenna will 
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be designed based on the extracted diode impedance. The quantum tunneling mechanisms infer 
that the implementation of thinner tunneling barriers could be highly instrumental for the 
development of MIM diodes with reduced impedance and enhanced responsivity. In addition, the 
research explores strategic designs of antennas to match the impedance of the diode.  
Several prior works [31, 42, 80-85] have suggested that for systems operating in the THz 
and infrared frequencies, metal-insulator-metal (MIM) (sometime referred to as metal-oxide-
metal (MOM) or conductor-insulator-conductor (CIC)) tunneling diodes are anticipated to 
outperform hetero-junction diodes, with limited cutoff frequencies (<3THz) [86]. In addition, the 
MIM devices are well-suited for a wide range of applications such as homeland security, medical 
imaging, material characterization, and energy scavenging. The distinctive characteristics of THz 
detectors are amenable to address challenges by receiving and delievering THz radiation 
efficiently to the active part of the detector for processing while suppressing material losses at 
such high frequencies. Therefore, the efficiency of the detector can be improved by 
monolithically integrating it with an antenna while satisfying impedance matching, and quasi-
optically coupling of THz radiation to the diode [87].  
1.4 Goals 
Antenna-coupled thin-film metal-insulator-metal diode devices have been extensively 
explored since the middle of the last century. The challenge of this device has been the inability 
to achieve the optimum rectification power output. This problem can be ascribed to lack of 
design strategies for the tunnel diode with well-tailored performance via impedance matching for 
maximum power transfer and low noise. When designing the antenna-coupled tunnel diodes, the 
quality, bandgap, electron affinity, dielectric constant, conduction band offset of the tunneling 
layer(s), as well as the work functions of the electrodes lead to a quantum well at their boundary, 
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thus resulting in coveted nonlinear and asymmetrical current-voltage (I-V) characteristics along 
with low zero-bias impedance. Hence, one of the goals of this work is to design and fabricate the 
nano-scale zero-bias MIM and MIIM tunneling diodes for high-responsivity antenna-coupled 
detectors. Another goal is to extract the intrinsic impedance of the MIM and MIIM diode.  
1.5 Research Objectives 
The objective of this research is to obtain maximum responsivity for antenna-coupled 
metal-insulator-insulator-metal (MIIM) detectors by exploiting the impedance matching between 
the antenna and the diode for THz imaging and energy scavenging application. The specific 
objectives include the following: 
 Development of a new class of thin-film MIIM diodes with greatly improved responsivity 
by employing stacked, multiple-layer tunnel junction deposited by the atomic layer 
deposition with strategically-designed junction area, thickness and carefully-chosen 
insulator and metal materials to strengthen nonlinearity and asymmetry of the I-V 
response.  
 Perform DC I-V characterization to measure the key figure of merits of the MIM and 
MIIM diode and its predicts performance in mixing high frequencies. 
 Development of the MIM diode parameter extraction procedure to predict the potential 
barrier height in relation to the thickness of the tunnel layer. 
 Characterize the newly developed thin-film MIIM diodes using on-wafer RF probing 
measurements up to 65GHz and extract equivalent circuit models. 
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1.6 Dissertation Organization 
 Chapter 2: Electron tunneling devices analysis – In this chapter, the review of electron 
tunneling devices is presented. In particular, the theory of operation of metal-insulator-
metal (MIM), metal-insulator-insulator-metal (MIIM) and metal-insulator-insulator-
insulator-metal (MIIIM) diodes as electron tunneling devices are elucidated in detail. 
This will include rectification and mixing mechanism, electron tunneling, thermionic 
emission, spreading resistance and RC time constant of MIM diode.  Additionally, this 
chapter includes an explanation of the key performance parameters of the MIM diode vis-
a-vis I-V, asymmetry, nonlinearity characteristics, differential resistance, and 
responsivity.  
 Chapter 3: Fabrication processes and techniques– This chapter focuses on the design and 
fabrication techniques of MIM diodes. The techniques for manufacturing small 
(micrometer and nanometer) scale MIM diodes will be discussed. This will include 
discussion about the process of the optical lithography and electron beam (E-beam) 
lithography. Furthermore, this chapter will discuss thin film deposition technology of 
metals and insulators. It will include electron beam (E-beam) evaporation, thermal 
evaporation and sputtering of metal, while atomic layer deposition (ALD) for metal oxide 
deposition will also be discussed. This chapter will also include discussion of material-
etching chemistry and metal liftoff process.  
 Chapter 4: Micro-junction device fabrication, metrology and DC characterization – This 
chapter will detail the steps taken to fabricate the device. The chapter will also include 
the metrological analysis of the fabricated devices. In addition, the DC characterization 
performance of the devices will be discussed, including presentation and comparisons of 
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current-voltage (I-V), nonlinearity, differential resistance, responsivity, and asymmetry 
characteristics of MIM, MIIM and MIIIM.  
 Chapter 5: Nano-device fabrication, metrology and DC characterization – This chapter 
will detail the steps taken to fabricate the nano-devices. Also, the DC characterization 
performance of the devices will be discussed, including presentation and comparisons of 
current-voltage (I-V), nonlinearity, differential resistance, responsivity, and asymmetry 
characteristics of MIM, MIIM and MIIIM.  
 Chapter 6: RF characterization and parameter extraction – This chapter will detail the 
processes undertaken to improve the fitting of the measured data to the equivalent circuit 
model of the diode. These studies are aimed toward extraction of the characteristic 
impedance of MIM/MIIM/MIIIM diodes.   
 Chapter 7: Conclusion and future work.  
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CHAPTER 2: THEORETICAL ANALYSIS OF MIM TUNNELING DIODES 
2.1 MIM Tunneling Diode Model 
Metal-insulator-metal diode is a quantum mechanical tunnel junction device used mainly 
as a mixer in THz radiation receivers. The MIM diode has two electrodes separated by a thin 
film insulating layer. Current bypasses the potential barrier which is normally inhibited by the 
tunnel junction layer [76, 88]. It is a nonlinear resistance device. The nonlinearity is produced by 
single electron particle energy travelling through the tunnel barrier. Therefore, MIM diode 
performance is a factor of the thickness of the tunnel layer. Based on the work function of the 
electrodes, the device can be symmetric or asymmetric. If the electrodes on the sides of the 
insulating layer are identical, the potential barrier behaves in symmetric fashion; however, if the 
electrodes are dissimilar, the potential barrier is asymmetrical.  
In this chapter, the theoretical operation of MIM tunneling diode is described in detail. 
The initial studies on MIM diodes were done with the employment of identical top/bottom 
electrodes [89]. In such studies, the junction current-voltage response is independent of the 
polarity of the applied voltage. In the later studies on the topic, analysis of devices with 
dissimilar electrodes [88, 90] was introduced. The DC I-V characteristics of MIM diodes with 
dissimilar electrodes of different work functions suggested that the potential polarity of applied 
voltage play a major role in the behavior of the device. For MIM diodes with dissimilar 
electrodes [88, 91], the generalized expressions found that the I-V characteristics of the junction 
is a factor of the applied voltage. Due to potential difference between the metal contacts of 
16 
 
dissimilar work function, an intrinsic field developed within the insulator. Fig. 2.1 describes the 
energy band diagram of an MIM diode with dissimilar electrodes. The η, ψ1 and ψ2 symbolize 
the diode Fermi level, electrode1 work function, and electrode2 work function, respectively. The 
overlap metals electrodes with the insulator layer(s) sandwiched between them form a junction 
capacitance CD  in parallel with nonlinear voltage dependent resistance RD [92]. In essence, the 
junction area, the thickness of the tunnel layer, the junction chemical and physical material 
composition contributes to the behavior of the MIM tunneling diode. For example, the DC 
analysis of the asymmetry (η), curvature coefficient (γ), and the degree of non-linearity (χ) 
calculated from the I-V characteristics determine the efficiency of the diode [9, 11, 26, 27, 93]. 
 
Figure 2.1: The representation of energy diagram of MIM junction with two dissimilar metal contacts on 
the opposite side of tunnel junction. 
 
As two metal electrodes are separated by an ultra-thin insulating layer to form a MIM 
diode, and electrical conduction takes place between the two metal electrodes when a voltage is 
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applied. This is due to electron tunneling via the barrier [9, 11]. The current-voltage (I-V) 
characteristics are calculated from the current density (J) with respect to the applied voltage by 
integrating the distribution of electrons with all possible energy [31, 88].  The trapezoidal 
potential within the tunnel layer bounded by two metal contacts is used to calculate the tunnel 
current through the insulator [32, 85, 88]. The shunt resistance and capacitance of the equivalent 
circuit for a MIM diode are key factors that affect its cutoff frequency, which depends primarily 
on the oxide thickness and junction area [32, 91]. In simple terms, the performance of a MIM 
diode with regard to its responsivity and its cutoff frequency is determined by the asymmetry of 
its I-V characteristics controlled by the oxide thickness, contact area, and barrier height [79, 85].  
In a metal-insulator-metal (MIM) tunnel diode, electrons from one metal tunnel through 
the insulator film and are collected by another metal at the other side of the insulator. In this 
device arrangement, the sufficient charge is transferred from the interior of the electrodes in 
either direction, depending on the polarity of the excitation voltage, to give rise to any effective 
changes in the band. As a result, it displays nonlinear I-V characteristics without the presence of 
negative resistance. Fig. 2.1 illustrates an energy band structure of two metal contacts on an 
insulator. With the case of two identical electrodes shown in Fig. 2.2(b), the lower part of the 
insulator conduction band is uniformly flat throughout the whole length. On the contrary, Fig 
2.2(c) due to dissimilar electrodes bonded to the surface of the insulator, the interfacial barrier 
potential differ in energy is given by: 
    LRLR    (2.1) 
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Figure 2.2: The applied potential representation of metal-insulator-metal diode under bias. d is the tunnel 
layer thickness, U is the barrier height, Vb is the bias voltage, Ef is the Fermi level, ϕ is the electron 
affinity, ψ is the metal work function (a) shows the physical structure of the diode with Vb as bias; (b) 
shows the band diagram when Vb=0 for the similar electrode; (c) shows the band diagram when Vb=0 for 
the similar electrode. 
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where   is the electron affinity of the insulator, 
R and L  are the work function of right and 
left metals, respectively. The device’s intrinsic electric field magnitude [76, 88] is expressed in 
Eq. 2.2 
qd
F LRi
 

 (2.2) 
where q is the charge of electrons and d is the thickness of insulating thin film. 
 The electron tunnel current density flowing across metal electrodes separated by 
thin film barrier is expressed as [26, 55, 94, 95]: 
LRRLB JJVJ  )(  (2.3) 
As stated previously, MIM diode consists of an ultra-thin insulating layer sandwiched 
between two metal electrodes. Electrical conduction takes place between the two electrodes 
when an electron in the electrode gains enough thermal energy to penetrate the potential barrier 
of the ultra-thin insulating layer. This can be ascribed to an electron tunneling through the barrier 
[26, 95]. The predicted current-voltage (I-V) characteristics are determined from the current 
density (J) with respect to the applied bias voltage. In theory, the distribution of electrons with 
respect to energy is integrated in the conduction region [31, 88]. Among the conditions for 
tunneling in this region is the thickness of the barrier that should be less than 10nm. Electrons 
tunneling from metal 1 (ML) to metal 2 (MR) will generate current from MR to ML, as a result of 
the polarity of the applied potential. Similarly, current will flow from ML to MR when a free 
electron tunnels from MR to ML. The current density in the directions is expressed as JL-R and JR-L. 
The current density from one electrode to another is calculated as: 
 
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where m is the mass of electron, E is the total energy, Ex is the transverse of energy of a 
tunneling electron and T(Ex) is the transmission probability through the insulator. The q, h, fL and 
fR represents the electron charge, Planck’s constant, left and right Fermi distribution, 
respectively. The left Fermi distribution is expressed as:  
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and right Fermi distribution as  
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 (2.8) 
VB is the voltage difference between the left metal electrode and right metal electrode. 
A direct transition of electron through the tunnel layer of the MIM diode is a result of 
sufficient electric field between the two electrodes on the order of 10
6
 V/cm [55]. Due to this 
effect, a finite tunneling probability occurs [96]. Schrödinger’s equation is an approximation of 
the one electron problem usually employed in solving a one band structure. The analysis can be 
simply described as a free charge particle q moving in the x direction which inclines into a 
uniform electric field Ei. So, the electrostatic force F = qEi acts on this particle, which creates a 
potential energy U= -Fx.  To solve for the tunneling probability, the wave-function ψ is 
determined from the equation [97].  
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where E is the particle total energy.  
Wentzel-Kramers-Brillouin (WKB) [98, 99] approximation has been employed to 
calculate the probability of electron tunneling through forbidden barriers. The limitation with 
WKB is that it tends to overestimate the tunneling current [26], because the approximation does 
not take into account effects if the interface(s) on the wave function [95]. So the result will 
exclude reflection between layers. Another approach that has been employed to estimate the full 
quantum-mechanical tunneling probability is Green’s function formalism [100, 101]. It takes into 
account the interface wave function reflection and attenuation on the electrical potential barrier. 
This method involves rigorous quantum simulation techniques. The other methods include the 
use of the transfer matrix method (TMM) [102], and the quantum transmitting boundary method 
(QTBM) [103-106]. Both TMM and QTBM solutions are very similar. This study compares the 
TMM and WKB solutions of MIM diode’s tunneling current. 
2.1.1 Analysis of TMM Formulation 
The solutions of the Schrödinger equation will be solved for both left and right of the 
tunneling interfaces (as shown in Fig.2.1(c).  
 ΨL = qϕL – Work function of the left metal 
 ΨR = qϕR – Work function of the right metal 
 χ – Electron affinity of the thin film barrier 
 UL – Potential of the right metal interface 
 UR – Potential of the left metal interface 
 Vb – Applied bias voltage 
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 XL – Left interface position 
 XR – Right interface position 
 d- Barrier thickness 
The tunneling equation can be solved as follow by takin the time independent 1D 
Schrödinger equation: 
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Multiplying both sides by 2m/ћ2 
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Let 
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Substituting Eq. 2.12 into Eq. 2.11 
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Therefore, Eq.2.15 becomes a Helmholtz equation form 
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The solution for Eq. 2.17 is  
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and for the right electrode: 
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Substituting Eq. 2.13 into eq. 2.11 
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By separating the constant and x dependent variables, Eq. 2.22 is simplified to 
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Now we have the Schrödinger equation in 
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m
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Applying a change of variable ju (j = number of the tunnel layer) 
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then 
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The Schrodinger equation is reduced to  
0)(
)(
2
2
 xu
dx
xd
j

 (2.27) 
Expression for the wave function within the tunnel layer of the Eq. 2.27 is converted to Airy 
function  
)()()( jijjijj uBBuAAu   
For a single tunnel layer 
)()()( uBBuAAx ii   (2.28) 
where Ai and Bi are the homogenous Airy functions. The potential difference across the insulator 
layer is, 
 bRLb VVxV  )(   (2.29) 
Deriving the boundary condition at first boundary interface of single layer x=XL: 
)X()X( LL jL   , Continuity at interface 
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dx
Xd
dx
Xd LLL )()( 1 
, Continuity of derivative at interface (2.30) 
))(())(( LjijLjij
xjk
L
xjk
L XuBBXuAAeBeA
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 (2.31) 
Deriving the boundary condition at secondary boundary interface of single layer x=XR: 
)()( RRR XxXx   , Continuity at interface 
dx
d
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d
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, Continuity of derivative at interface (2.29) 
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Having Eq. 2.34 and 2.35 in matrix form 
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Re-written Eq. 2.36 
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Solving to isolate transmission and reflection coefficients, the inverse for the 

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be multiplied on both sides, which is given by 
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The inverse of  
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So substituting Eq.2.38 into Eq. 2.39  
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At the second boundary, using the Eq. 2.31 defined earlier and simplifying Eq. 2.35 
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Having them in the matrix form, 
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Isolating the barrier coefficient  
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Using the Wronskian relationship [97] 
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The full matrix is given by combination of the  
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2.1.2 WKB Approximation 
The WKB approximation of the tunneling probability for a barrier with thickness d for 
one band parabolic dispersion relation is given by [107, 108]: 
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2.2 Multi Tunnel Layer MIM Diode 
2.2.1 TMM Method 
 
 
Figure 2.3: Representation of energy band diagram showing the potential of multiple different stacks of 
tunnel layers.   
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The potential difference across the insulator layer is given by: 
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2.2.2 WKB for Multi-tunnel Layer 
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2.3 Characteristics of MIM Diode 
This section discusses some important characteristics of MIM tunneling diode. 
Characteristics such as I-V response, junction resistance, junction capacitance, nonlinearity, 
asymmetry, rectification, mixing, and diode emission affect the performance of the MIM diode 
with respect to its responsivity and sensitivity. The electron affinity of the tunnel layer, metals 
work functions, thickness of the insulator and dielectric constant of the insulator are the major 
parameters that contribute to the changes in these characteristics.  
2.3.1 Current –Voltage (I-V) Characteristics 
For electrons to tunnel through the insulator from the opposite electrode, there is a need 
for sufficient thermal energy to propel across the potential barrier to the conduction band. The 
barrier must be thin enough to permit penetration by the electric tunnel effect. The electron 
tunneling equation was derived from the relationship between current density and voltage in a 
tunneling junction. Considering the asymmetric barrier, the current flow will be examined from 
both directions. Although electron tunneling through insulating barrier had been theoretical 
discussed in the previous section (2.1), the effect of different level of applied voltages will be 
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briefly discussed here. The voltages are categorized as low, intermediate, and high voltages. The 
value of these voltages is is quantified with respect to the mean barrier height.  
When the current is flowing from electrode one to electrode two in the reverse direction, 
and for voltage range of 0≤V≤  /e, where  is the mean barrier height given by [12, 31, 32, 76, 
88, 94, 108]: 
  221 qV   (2.52) 
where 
1 is the barrier height between the interface of the first metal electrode and the insulator 
and 
2 is the barrier height at the interface of the second metal electrode and tunnel layer. The 
relationship between the barrier height and the work function is given as; 
    11212   
if 
2 and 1  are metal 2 and metal 1 work functions, respectively. A general expression for 
calculating tunneling current using the Sommerfeld and Beth model applied to WKB 
approximation is given by [76] 
       5.05.00 expexp qVAqVAJJ    (2.53) 
where m is the mass of electron and h is the Planck’s constant. 
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Figure 2.4: Energy band diagram showing the barrier between dissimilar electrodes at 0V . 
 
Fig. 2.4 presents the band diagram of low potential barrier between dissimilar electrodes of a 
MIM diode. At relatively low bias voltage (i.e 0V ), the current density is calculated as  
   5.05.0
25.0
exp
2
 AV
q
L
m
J 














 (2.57) 
     


















5.0
21
5.05.0
212
2 4
exp 

 m
L
Vm
L
q
J

 (2.58) 
 
 
Figure 2.5: The energy band diagram showing the barrier between dissimilar electrodes at the 
intermediate potential ( qV  0 ) of the forward bias. 
 
φ1
φ2
Vb
φ1
φ2
32 
 
Fig. 2.5 shows an energy diagram of a MIM junction under a intermediate forward bias. 
Note that the energy band diagram have been tilted to have lower Schottky barrier height at φ1 
compare to φ2, due to the bias voltage.  Though the effect of this creates a trapezoidal barrier that 
is independent of the bias polarity [76], the electron level moves up in the valence band to allow 
faster tunneling to the conduction band. The tunneling current is given as: 
 3VVJ    (2.59) 
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Figure 2.6: The energy band diagram showing the barrier between dissimilar electrodes under a 
forward-biased potential of qV  . 
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At high voltages (i.e qV  ) the rate at which the electrons tunnel from one metal to 
another is very fast due to the lowering of the barrier height that causes reduction in the length of 
the electron path. The energy band diagram is shown in Fig. 2.6. The tunneling current under 
high forward bias voltage is calculated by: 
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Figure 2.7: The measured I-V plots of fabricated MIM diodes operated under the intermediate voltage 
range.  
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Typical I-V plots of MIM diodes with different junction area are shown in Fig. 2.7. Diode 
I-V characteristics are primarily used to determine the electrical behavior of the device. As de 
discussed later, the I-V characteristic of the MIM diode highly depends on the thickness of the 
tunnel layer, tunnel material, fabrication methodology, the junction size, and the work function 
of the electrodes. 
2.3.2 Nonlinearity  
Nonlinearity can be determined by using the current-voltage plot. When a voltage with a 
certain frequency is applied to a detector or a mixer, the nonlinear I-V response generate a dc 
output component. Therefore, the performance of a  mixer made of a tunneling device depends 
solely on the nonlinearity of the device [109]. The mathematical expression for the nonlinearity 
is given by; 
V
I
dV
dI
  (2.66) 
The nonlinearity of the diode’s I-V characteristic is explained in terms of its key 
parameters such as its work function difference of the contacted metals, their separation, and the 
applied bias voltage. The tradeoff between nonlinearity and performance of the diode lies in the 
tunneling layer thickness. High nonlinearity can be achieved by dissimilar metal electrodes and 
thick tunneling layers; whereas the barrier should be less than 5nm for electrons to tunnel 
through the barrier. Recently, MIM diodes with multiple thin barrier layers have been used 
experimentally to improve the nonlinearity. 
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2.3.3 Asymmetry 
Asymmetry is the ratio between the forward current and the reverse current [93]. For 
rectification, the asymmetry of MIM tunneling should be much greater than one. High 
asymmetry is anticipated when the difference between the forward turn-on voltage and the 
reverse breakdown voltage is high. Until recently, development of MIM devices with great 
asymmetry has been based on application of dissimilar electrodes at both ends of the junction 
oxide. Thus, asymmetry is determined by the difference between the electrodes’ work functions. 
However, studies have shown that the employment of several different thin tunnel layers to 
create a metal-insulator-insulator-metal (MIIM) diode can increase the value of asymmetry 
drastically. Mathematically, the diode’s asymmetry is expressed as: 


I
I

 (2.67) 
where 
I  and I  are currents under forward and reverse bias conditions, respectively. 
2.3.4 Rectification and Mixing Operation 
MIM is not an ohmic contact device due to a thin tunneling layer that creates a barrier 
between the two metal electrodes. The rectification can be ascribed to the nonlinearity of 
tunneling current shown by the current-voltage curve. The mechanism of rectification is based on 
the proportionality of the rectified signal amplitude to the second derivatives of the I-V 
characteristics [110], which is given by [29]: 
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where the  bVI
"
, and  bVI
'
 are the second, first derivative of the tunneling current at a specific 
bias voltage, respectively. acV  is the magnitude of alternate voltage (AC) signal applied to the 
tunneling diode. Another factor for evaluating the performance of a MIM diode is its sensitivity. 
The diode sensitivity is defined as the ratio of the second derivative to the first derivative.  
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therefore, rectification can be expressed as: 
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 (2.72) 
MIM diode performance depends on its nonlinearity, differential resistance, responsivity, 
asymmetry, and applied AC voltage signal. 
2.3.5 MIM Diode Performance and RC Time Constant 
For a MIM diode designed for high frequency to mix different radiation sources, the 
response time is required to be fast [29, 111]. One of the significant challenges that limit the 
operation of MIM diode at THz frequencies is the large junction capacitance and associated RC 
time constant. An example of equivalent MIM diode circuit model is shown in Fig. 2.8; which 
37 
 
consists of a junction capacitance 
DC  in parallel with nonlinear resistance DR , both connected to 
a series resistance sR . The cutoff frequency of the circuit is expressed as; 
DD
c
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f
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 (2.73) 
junction capacitance is given as  
d
A
C roD

  (2.74) 
where 
o is the free space permittivity, r  represents the relative permittivity of the tunnel layer, 
A is the junction area determined by width of the intercept metal electrodes and d represents the 
tunneling barrier thickness. From the cutoff frequency mathematical expression, it is evident that 
the value of the junction resistance and capacitance is expected to be fairly low for high 
frequency operation. While 
DR  strongly depends on the thickness of the insulator, the contact 
area and thickness of the insulator have to be kept at the minimum for 
DC  (as seen in Fig. 1.2). 
The tunneling time of electrons in MIM devices have been estimated to be on the order of 10
-16
 
seconds [112]. However, experimental MIM diodes have been shown to rectify green light 
(514nm), indicating the tunneling time of carriers is not yet a limitation in the MIM diode [113]. 
The primary limitation of the MIM diode response time is related to the RC time constant. 
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CHAPTER 3: MIM DIODE FABRICATION PROCESSING 
Lithography, material deposition, and etching are fundamental processes carried out in 
micro and nano-fabrication. Other important processes include the thin film metrology analysis, 
mask fabrication, metal lift off and wafer cleaning. In a later section, the device fabrication 
process and the design consideration of the fabricated devices of this dissertation work will be 
discussed. 
3.1 Lithography 
The term lithography is defined as the process employed to transfer micro or nano pattern 
onto the surface of a wafer. There are two major types of lithography, namely: (1) optical 
lithography and (2) electron-beam lithography. This study employs both lithography types for 
device fabrication. 
3.1.1 Optical Lithography 
This process is mostly used to create micro-size patterns in a photoresist layer already 
spun on the wafer. The procedures for a photolithography step include: adhesion (optional), 
resist coating, soft baking, exposure, post-exposure bake, development, and hard bake (optional). 
 Resist coating: A small amount of resist (organic polymer whose solubility changes as a 
result of exposure to UV light) in a liquid form is dispensed onto the wafer with the aid of 
a clean bottle nozzle or syringe. The resist spinner includes: a) an exhaust hood for 
eliminating evaporated solvent; b) a vacuum pump for transferring nitrogen gas to the 
chuck; c) the chuck for holding the wafer down; and d) a timer and speed monitor control 
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which are adjusted to retain the expected spin rates for the set time to achieve the target 
thickness. There are two types of photoresist – positive and negative. They are named 
based on their reactions when exposed to UV radiation. The pattern on the mask is 
directly transferred to the sample with the use of positive photoresist. This means that 
every opening in the mask that allows UV radiation to penetrate through to the 
photoresist will be dissolved in the developer. Contrary to this interaction exhibited by 
positive photoresist with UV radiation, the negative photoresist tends to be harden over 
the area of the mask that the UV radiation penetrates through. The unexposed areas are 
then dissolved in the developer. Resist properties include: viscosity, adhesion, thermal 
stability, etching resistance, contamination, shelf life, processing difficulty, pinhole 
density, and charging. 
 Soft baking: This process is done to remove residual solvent and to make the resist film 
dense by applying heat. This process also aids resist stress reduction, planarization on the 
surface of substrate, polymer cross linking, and oxidation [114].   
 Alignment: Mostly used in the micro-fabrication to align one layer to the other, especially 
when multiple layers of process are required. In that case, alignment is important in order 
to directly place a new pattern on the top of the preceding layer. This arrangement is 
important, noting that it is already established in the mask design by including alignment 
marks. The exposure tool (Fig 3.1(b)) includes an alignment step before exposure. 
 Exposure: This is a critical aspect of the photolithography. It is the primary stage that 
transfers the image pattern to the wafer with the aid of photo-mask and mask aligner. In 
Fig. 3.1 (a) the wafer is place under the lens in order to project an image of the pattern on 
the mask directly to the resist coated wafer. With the tool like Karl-Suss presented in 
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Figure 3.1: (a) The resist-coated wafer exposure setup under a UV light. (b) The primary tool used for 
emitting UV radiation. (The image is from Nanotechnology Research & Education Center of University 
of South Florida. 
(a) 
(b) 
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Fig 3.1(b), the shutter opens and allows UV light to pass through the photo-mask. The 
pattern is then imaged on the lens that transfers it to the wafer underneath. The optical 
exposure is performed mostly with the aid of an ultraviolet bulb having a UV signal at 
either g-line (436nm) or i-line (365nm). The different lines of photoresist are based on a 
particular photochemistry such as novolak resin and diazonaphthoquinone (DNQ) 
photoactive compound.  
 
 
 
 
 
 
Si 
UV ExposurePhotoresist 
(a)  Resist coated wafer (b) Resist Exposure 
(c) Developed Resist 
(d) Metal Deposition 
(e) Metal Liftoff 
Figure 3.2: A schematic description of mask projection and photolithography’s basic processing to 
establish metal pattern on a substrate. (a) Substrate coated with photoresist, (b) substrate under ultra-
violent exposure, (c) resist development showing developed image (d) metal deposition, and (e) metal 
lift off (removing the photoresist) 
42 
 
 Post-exposure baking: Post exposure baking of resist causes reduction in the polymer 
decomposition that take place before exposure. Depending on the type of the photoresist, 
this step is optional; it is primarily applicable to DNQ/novolak resist. 
 Development: The exposed resist-coated wafer is immersed into a special resist remover 
referred to as a developer. Mostly, the exposed resist dissolves in the developer, forming 
a channel similar to the one shown in Fig. 3.2(c). This process is done in a timely manner 
to avoid over development. Different resists have different developing time; developer 
can be of tetramethyl-ammonium hydroxide (TMAH) or of sodium hydroxide (NaOH) 
base. 
 Hard-bake, post-bake or post-development bake: This is an optional and final step of the 
photolithography process. Compared to soft baking it is usually performed with high 
temperatures, which serves the purpose of driving out volatile organic materials and 
water in order to preserve the vacuum integrity. It is a process employed to give the resist 
adhesion necessary to further substrate processing steps, such as etching and ion 
implantation. 
3.1.2 Electron Beam Lithography 
Like optical lithography, E-beam lithography (EBL) is a process of transferring a pattern 
from one medium to another, but its application is to pattern devices well beyond the UV 
lithography capability. One of the major advantages of EBL over the conventional UV 
lithography method is that it produces very high resolution and versatile pattern formation [115]. 
Another advantage is that the technique can produce a device as small as 10nm. The commonly 
used process with EBL is liftoff. This process consists of a series of steps: spinning of the e-
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beam resist on the wafer substrates, baking of the e-beam resist coated wafer, exposure and e-
beam resist development.  
 E-Beam resist application: Both positive and negative e-beam resists were employed in 
the work done in this dissertation. The positive resist becomes soluble in the resist 
developer after exposure to electron beams. On the other hand, the negative e-beam resist 
becomes less soluble in the developer and strengthens during exposure to the e-beam 
radiation. Polymethyl methacrylate (PMMA) and Shipley advanced lithography (SAL) 
are commonly used positive and negative resist, and they were employed for fabrication. 
These resists are supplied to the end users in powdered form to be mixed in and dissolved 
in solvent for appropriately required thickness. The resist liquid is dropped on the 
substrate and spun at high speed for 1min for uniformed thin coating. 
 Soft baking: Following the spinning, the resist is baked on a hot plate or in an oven for 
3min at 180 degrees for positive resist and 90 seconds at 95 degrees for the negative 
resist. 
 Exposure: The resist coated substrate is exposed to e-beam direct [115] using a raster 
scan. In scanning a specific area of the substrate, the desired pattern is transferred through 
the deposition of energy. Depending on the resist thickness, the exposure dose is 
measured in 
2cmC at working electron accelerating voltage. 
 Development: When the resist is exposed, the polymer compound chain is broken making 
it soluble in developer. Methyl-isobutyl-ketone (MIBK) mixed with isopropanol (IPA) at 
ratio 1:3 is commonly used for PMMA development.   
Figure 3.2 schematically describes the normal lift-off sequence similar to e-beam 
lithography. While the resist used under UV radiation described in the figure is for a negative 
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photoresist, a positive e-beam will be of the same process. This process was used for defining 
metal contact for both optical and e-beam lithography throughout this work. 
3.2 Scanning Electron Microscope (SEM) for E-beam Lithography 
Figure 3.3 represents a typical schematic sectional view of an electron optical column for 
an E-beam generating tool used for lithography. This tool is capable of generating an extremely 
fine pattern. For simple analysis, the system is divided into two stages. Stage 1 is for electron 
beam shaping and stage 2 is for the focusing of the electron on the work-piece. In this system, 
the electron that is emitted by the electron gun is focused toward two magnetic lenses (condenser 
lenses) by anode aperture. The
 
first and the second condensers are used to step down the excess 
beam current flowing down the column. Another purpose of stage 1 is that it reduces electron 
interaction, which increases the diameter of the focused spot on the work-piece. In addition, at 
stage 1 low current flows through the column increases the opportunity to reduce the 
contamination from polymerizing residual from hydrocarbon that forms while insulating film on 
the optical element [116, 117]. Stage 2 consists of an electrostatics deflector used in adjusting the 
focused beam over the surface of a work-piece. During the lithography process, the beam can be 
turned off and on by the beam blanker. Beam alignment and stigmatization are corrected and 
controlled at this section of the e-beam tool system. 
The dose D which is charge density to be delivered to the exposed region is given by 
A
IT
D


 (3.1) 
where I is the beam current delivered to the work-piece, A is the area on the wafer to be exposed 
to the e-beam, and T is the total exposure time. The delivered current I is a factor numerical  
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Figure 3.3: Ray diagram of the electron optical system of a round beam electron beam system. 
(Courtesy - University of South Florida Nanotechnology Research and Educational Center 
NREC). 
 
 
aperture ( ) and the diameter of the spot focused on the substrate (d). The relationship is 
expressed as, 
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where   is the brightness of the source. 
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Fig. 3.4 shows an image of an ultra-high resolution analytical scanning electron 
microscope used for E-beam lithography. This Hitachi model (SU-70) is used to support of this 
study. One of the properties of the tool is that it combines the field  proven stability, high current 
and brightness of the Schottky electron source with ultra-high resolution required for analytical 
application [118]. The tool is designed to reduce specimen charging and entrance compositional 
contrast as a result of built-in optical configuration. Apart from the tool’s capability to perform 
EBL of nano-structure, it can also be used for Energy Dispersive X-Ray (EDS or EDX) 
Wavelength Dispersive Spectroscopy (WDS), Electron Backscatter Diffraction (EBSD), 
Cathode-Luminescence (CL) and Scanning Transmission Electron Microscopy (STEM) 
simultaneously. Specifications and capabilities include; 1nm resolution 15keV at 4mm working 
distance, 800K times magnification, thermal field emission source, remote Control Capability, 
and 3D Rendering and Metrology. 
 
Figure 3.4: The Hitachi SU-70 analytical field emission SEM. A field-emission SEM designed to perform 
ultra-high resolution imaging together with various analytical functions. (Courtesy –NREC). 
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E-beam lithography process performed to fabricate the nano-device in this dissertation 
was done with the JEOL9300 shown in Fig. 3.5. The tool is housed at the Center for Nanoscale 
Materials (CNM) at Argonne National Laboratory where the nano devices were fabricated. It is a 
100keV electron lithography system that is capable of (re)producing feature sizes below 30nm. 
Additionally, it is also a proper tool for multilayer EBL with less than 20nm overlay accuracy on 
a wide variety of substrates. Five inch (5”) masks and wafer sizes of 3”, 4”, 6”, 8", and 12” 
diameters, as well as smaller pieces, can be accommodated for exposure with this tool. 
 
Figure 3.5: JEOL JBX-9300FS electron beam lithography system. (Courtesy Georgia Institute of 
Technology Nanotechnology Research Center (TNRC))  
 
The tool’s capability and features include [119, 120]: 
 4nm diameter Gaussian spot electron beam 
 50kV/100kV accelerating voltage 
 20-bit pattern generator 
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 50pA –100nA current range 
 50MHz scan speed or pattern generated speed 
 1nm address grid or field size 
 +/-100um vertical range automatic focus 
 +/-2mm vertical range manual focus 
 ZrO/W thermal field emission source 
 vector scan for beam deflection 
 max 300mm (12") wafers with 9" of writing area 
 < 20nm line width writing at 100kV 
 < 20nm field stitching accuracy at 100kV 
 < 25nm overlay accuracy at 100kV 
 
 
Figure 3.6: Generic block diagram for electron beam (E-beam) generation. (Courtesy – NTRC) 
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The JEOL9300 optical column configuration is similar to the one described in Fig. 3.3. 
The E-beam generator the generic block diagram is shown in Fig. 3.6. The electron beam is 
generated by thermal field emission (TFE) cathode gun incorporating a Zr/O/W emitter and 4 
accelerating electrodes. The electron accelerating between 50 -100KV toward the anode passes 
through double blanking electrodes that prevent beam radiation from the sample. The function of 
the condenser lens is to control the direction of the e-beam. The beam focusing is done by the 
objective lens while the sub-deflector, stigma electrode and main deflector incorporated with 
electron optics control are used to reduce the imperfection in the construction in the e-beam 
column [121, 122].  
JEOL 9300 chamber can handle up to 300 mm wafer, although the maximum writing 
area is 230nm × 230nm. Wafer transfer to the exposure chamber is done automatically. This 
means that no human intervention is necessary after the wafer has been placed in the cassette. 
The cassette has different wafer size slots; a cassette for a 4” wafer can take up to 4 wafers. 
Furthermore, the system is capable of continuously writing patterns. Different automation is 
involved in pattern writing to improve its accuracy: a) the height and position of local alignment 
is measured before writing any pattern; b) the correction parameters of position are calculated for 
each pattern; and c) the bean positions are corrected along (X,Y) and for the focus of each 
pattern to be written. 
3.3 Thin Film Deposition 
Different methods of deposition of thin film layer have been employed to manufacture 
integrated circuits.  Thin film process is applicable to epitaxial layers, thermal oxides, dielectric 
layers, polycrystalline silicon, and metal film [123]. The commonly used techniques are divided 
into two main groups: physical vapor deposition (PVD) and chemical vapor deposition (CVD). 
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However, there are other methods involved in growing thin film layers in micro and nano-
fabrication. These methods include oxidation, spin coating, plating, and atomic layer deposition 
(ALD). 
The applicable deposition technique for a process is determined by the following 
characteristics: 
 Deposition rate 
 Film uniformity  
o Uniformity across the wafer 
o Repeatability of sequential run 
 Deposition system material compatibility 
o Semiconductor 
o Alloy 
o Metal 
o Dielectric 
o Polymer 
 Thin film properties 
o Adhesion 
o Stress 
o Film density 
o Pinhole density 
o Impurity level 
o Grain size, orientation and boundary properties 
 Directionality 
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o Directional: lift-off and trench filling applicability 
o Non-directional: step coverage applicability 
 Deposition system cost and operation. 
This study employed the use of physical vapor deposition techniques (PVD) for metal 
deposition and atomic layer deposition (ALD) for deposition of metal oxide. Both techniques 
will be discussed in the next section.  
3.3.1 Atomic Layer Deposition (ALD) 
Atomic layer deposition (ALD) is a chemical gas phase thin film deposition process. The 
deposition is based on sequential self-terminating gas-solid reactions [124-128]. The film grown 
is based on sequential saturated surface reactions of two or more precursors pulsed into the 
reactor alternatively. The purging and evacuation take place one at a time during the reactor 
operation. This process is a chemical vapor deposition technique that has the capability of 
growing material with thickness as small as a fraction of monolayer. In this work, ALD is 
employed to deposit the thin films of the oxide layer ranging between 2nm and 4nm. In MIM 
diodes, the tunnel layer should consist of an ultra-thin dielectric film while maintaining uniform 
insulator coverage over the entire contact area [85, 129]. One of the critical requirements for a 
reproducible MIM diode with great performance is the ability to have a depositable high quality 
tunnel layer(s) thin film. Because of this insulator characteristic, the ALD deposition process is 
considered to achieve satisfactory fabrication yield and repeatability with ultra-thin and uniform 
tunneling layers [130]. 
The ALD system grows oxide layer(s) in a cyclical manner. In one ALD cycle, there are 
four constituent steps involved for growth of an oxide monolayer to take place, including a) a 
self-terminating reaction of the first metallic oxide precursor; b) purging to remove the residual 
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reactant and the by-product; c) self-terminating reaction of the second reactant (typically an 
oxidizer, such as water steam or oxygen); and 4) another purging step. The temperature and time 
of each step play a significant role in determining the quality of the film [131]. The significance 
of the sequences of the process gives ALD an edge over other methods of depositing thin film.  
                        
Figure 3.7: A complete one cycle schematic description of atomic layer deposition [124]. 
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Both ALD and chemical vapor deposition (CVD) processes involve binary reaction. The 
difference is that for CVD, all the process reactants are present at the same time and will 
continuously form the product on the sample substrate. However, for ALD, the reactants are 
separately in contact with the substrate and there is individual exposure of the substrate to the 
reactant to form the product in a stepwise and digital fashion [127]. A schematic diagram of the 
stepwise process of ALD deposition is shown in Fig. 3.7. 
One of the advantages of ALD is precise film thickness control down to the level of 
Angstrom. This is based on the number of the deposition cycles. Another advantage is the self-
limiting growth capability of the system. This leads to large area coverage, batch scalability, 
good reproducibility and excellent coverage conformity on a high aspect ratio structure. For 
ALD deposition, nanolaminates and superlattices can be easily deposited due to atomic level 
control material composition. The pulsing of the reactants in ALD eliminates gas phase 
reactions. Thereby, the system enables short cycle time and effective precursor’s usage. As a 
result of these characteristics, materials with high quality can be obtained at low temperature. 
Another advantage of the ALD system lies in continuous deposition of multilayer’s of different 
materials due to wide windows of processing temperatures. 
As discussed earlier, often the material properties dictate the deposition method that is 
applicable.. As shown in Table 3.1, the different deposition methods used in micro-fabrication 
are listed, including thermal evaporation, electron beam evaporation, sputtering, PECVD, 
LPCVD, and ALD. Different methods are compared based on the material, degree of uniformity, 
level of impurity, the grain size, film density, deposition rate, deposition temperature, and the 
cost.  
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Table 3.1: Summary of the characteristics of different material depositions used in micro and nano 
fabrication 
 Proc. Mat. Uniformity Impurity 
Grain 
Size 
(nm) 
Film 
Density 
Dep. 
Rate 
A/s 
Temp. 
o
C Cost 
Thermal 
evaporation 
Metal & 
Low 
melting 
point 
materials 
Poor High 
10-
100 
Poor 1-20 50-100 
Very 
low 
E-beam 
evaporation 
Metal and 
Oxides 
Poor Low 
10-
100 
Poor 
10-
100 
50-100 High 
Sputter 
Metal and 
Oxides 
Very Good Low ~10 Good 
1-
100 
~200 High 
PECVD Oxides Good Very Low 
10-
100 
Good 
1-
100 
200-300 High 
LPCVD Oxides Very Good Very Low 1-10 Good 
10-
100 
600~1200 High 
ALD 
Metal and 
Oxides 
Very Good Very low ~0.3A 
Very 
Good 
0.3A 150-300 High 
 
3.4 Etching 
In micro or nano fabrication processes, etching is one of the fundamental processes [132, 
133]. The etching process is carried out to transfer a mask pattern to the underlying layer on the 
substrate. Through etching step, part of the underlying thin film layer(s) is removed by chemical 
reaction simply referred to as an etchant [114, 134]. One of the germane factors considered in the 
etching process is the chemical reaction selectivity between material(s) to be etched and the 
mask or other exposed material.  
The process is categorized into two main categories: wet etching and dry plasma etching. 
Wet etchants are liquid chemical mixtures that react with selective material(s) with effort to 
dissolve the materials. Wet etch can have high selectivity and the etching rate can be very high as 
well. On the other hand, dry etching employs the plasma gas to etch material. The materials are 
removed by the bombardment of ions. The fabrication work done in this study employed both 
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wet and dry etching techniques pattern metal oxides. The choice of the method used depends on 
the critical dimension to be formed. For the micro devices, wet etching was used and for nano 
devices, dry plasma etching was employed. 
3.5 Device Fabrication and Metrology 
3.5.1 Device Fabrication Process 
In order for MIM diodes to operate with a faster response time and have high sensitivity 
at high frequencies, the size of the contact area has to be small. As discussed in Section 2.3, the 
material’s physical characteristics, such as metal(s) work function, tunnel layer electron affinity 
and thickness, and the junction areas, determine the performance of the diode. Therefore, one of 
the MIM diode design objectives is to keep the device contact area as small as possible. The 
second objective is to select electrode materials (metals) with large work function differences in 
order to improve on the nonlinearity of the MIM diode [32, 88, 135]. The selection is done by 
compromising the conductivity to obtain large offsets in work functions between the metals. 
Thirdly, the tunneling material is carefully chosen based on its dielectric constant, electron 
affinity, and band gap. Also, methods of depositing an ultra-thin tunnel layer should be able to 
maintain uniform insulator coverage over the entire contact area [85, 129]. This is the most 
critical issue in the manufacturing of MIM diodes. The smaller the contact area, the more 
uniform the dielectric tunnel layer, and the better the tunneling characteristics are atomic layer 
deposition (ALD) process is used to achieve satisfactory fabrication yield and repeatability for 
depositing ultra-thin and uniform tunneling layers [130], because of the low tolerance for non-
uniformity and pin-hole. ALD was discussed extensively in Section 3.3.1. 
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In this study, effort was devoted to fabricate micro and nano junction size devices. An 
ultraviolet photolithography process was employed to fabricate micro-sized devices, while an e-
beam lithography process was used for nano junction sized devices. In both processes, the 
devices were fabricated on similar substrates, bottom and top electrodes were kept the save, and 
the same tunnel layer was explored. 
3.5.1.1   Substrates 
A high resistivity silicon wafer was used throughout the experiments performed in this 
work. A <100> double-sided polished silicon wafer substrate of 100mm in diameter was used. 
The substrate dielectric constant was about 11.7, the dielectric strength was approximately varied 
between 100 – 700 V/mil, the loss tangent was 0.005 @ 1GHz a. The high resistivity silicon 
wafer was used to provide good device-to-device isolation.  
The RCA cleaning procedure was employed. The cleaning fell into primarily three 
categories: a) removal of gross contaminants, including oily layer; b) removal of organic 
contaminants; and c) removal of light and heavy metallic ion contaminants. The chemicals used 
included hydrofluoric acid (HF), hydrochloric acid (HCL), hydrogen peroxide (H2O2), 
ammonium hydroxide (NH4OH) and de-ionized water (DI). The organic contaminants and 
metals on the new substrates were removed by RCA1 solution, which consisted of a ratio of DI: 
H2O2: NH4OH at 6:1:1 by volume. The oxide layer was removed with RCA2 solution, which is 
composed of the chemical DI: H2O2: HCl at 6:1:1 ratio by volume.  
The cleaning procedure was done on the wet bench designated for cleaning new wafers 
only. The procedure was as follows: 
 The wet bench area was cleaned with DI water and dried with a clean room wipe. 
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 Each 2 fused quartz containers designated for RCA1 and RCA2 were filled with 2 liters 
of DI water. The heater was turned on. The temperature on both containers was set to 
80
o
C. 
 When the temperature of the water reached 65oC, 330ml of H2O2 (30%) and 330ml of 
NH4OH was added to the RCA1container and to RCA2, 330ml of H2O2 (30%) and 330ml 
of HCl was added. 
 The new wafers were dipped into a quartz container filled with HF (50: 1), agitating for 
20 sec up/down. 
o The wafer(s) were transferred directly for 2 cycles of rinse. 
o The wafer(s) were submerged into RCA1 solution for 10 minutes. 
o Transferred directly for 2 cycles of rinse. 
o Dipped in HF for 20 seconds and then rinsed. 
o Transferred directly for 2 cycles of rinse. 
 The SC1 hotplate was turned off and solution was covered to prevent NH4Cl or NH4F 
formation in bench area. 
 Wafers were submerged in RCA2 solution for 10 minutes. 
o Wafers were rinsed in DI water and the RCA2 hotplate turned off. 
o The wafers were dipped in HF for 20 seconds. 
o Wafers were rinsed. 
o Wafers were spin-dried the in the spinner. 
 RCA1 solution was poured in middle of the wet bench sink and followed with rinse for 3-
4 minutes. Next the same was repeated with the RCA2 solution.  
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 The wafers were removed and hotplates put away. Quartz containers were rinsed out and 
returned to shelf. 
 All wet bench surfaces were sprayed down with DI water and squeegee used to wipe off 
excess water. 
3.5.1.2   Metal Selection  
The material choice of metal electrodes is of significant importance in determining the 
characteristics of the tunneling metal-insulator-metal (MIM) diode. While metals’ electrical 
properties, such as work function, are critical factors to the diode performance, the metals’ 
mechanical properties are other factors that play critical roles in the fabrication process. 
Mechanical properties such as toughness, brittleness, ductility, malleability, and corrosion 
resistance determine the methods of thin film growth system compatible, as with any material. 
For example, as shown in Table 3.2 below, gold (Au) and copper (Cu) have high work functions 
and they offer great corrosion resistant, malleable, and ductile properties but can easily 
contaminate the fabrication tools. Therefore, they are not the top choice metal, when etching or 
other processing steps/equipment is required. 
Additionally, selection of electrode materials (metals) for fabrication is of great concern 
because it contributes to the nonlinearity of MIM diodes [32, 88, 135]. The selection is done by 
compromising the conductivity to obtain large offset in work functions between the metals. The 
work function, conductivity, melting point and density of different metals are listed in Table 3.2. 
As discussed in chapter 2, the barrier height, at the interface of contact between the metal and the 
tunneling layer, contributes to the energy band diagram, which influences the electron tunneling.  
Heat conductivity and the melting point are factors of deposition dependency that can 
affect the heat transfer of the structure. For this study, Titanium (Ti) with work function of 
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4.33eV and platinum (Pt) with work function of 5.66eV were used. This is a result of the high 
degree of difference in their work function values.  
Table 3.2: The comparison of metal properties showing the metal work function, the metal heat 
conductivity, electrical conductivity, melting point and bulk density. 
 
 
Work 
Function 
(eV) 
Heat 
Conductivity 
(W/mK) @ 
o
C 
Electrical 
Conductivit
y (10
-8
 Ωm)  
o
C 
Melting 
Point 
(
o
C) 
Bulk 
Density 
(g/cm
3
) 
Aluminum (Al) 4.28 2.5 236 660 2700 
Antimony (Sb) 4.08 25.5 39 630 6.62 
Barium (Ba) 2.49  36 710 3.51 
Bismuth (Bi) 4.4 8.2 107 271 9.80 
Calcium (Ca) 2.8  3.2 840 1.55 
Chromium (Cr) 4.5 96.5 12.7 1860 7.19 
Copper (Cu) 4.4 1.55 403 1084 8.94 
Gallium (Ga) 3.96 41 13.6 30 5.91 
Gold (Au) 5.1 319 2.05 1064 19.32 
Iron (Fe) 4.31 83.5 8.9 1540 7.87 
Magnesium (Mg) 3.64 157 3.94 650 1.74 
Manganese (Mn) 3.83 8 138 1250 7.39 
Mercury (Hg) 4.52 7.8 94.1 -39 13.55 
Molybdenum (Mo) 4.6 139 5 2620 10.22 
Nickel (Ni) 5.15 94 6.2 1455 8.91 
Niobium (Nb) 3.99 53 15.2 2425 8.57 
Platinum (Pt) 5.65 72 9.81 1772 21.45 
Silver (Ag) 4.26 428 1.47 961 10.49 
Titanium (Ti) 4.33 22 39 1670 4.50 
Tungsten (W) 4.55 177 4.9 3387 19.3 
Zinc (Zn) 4.24 117 5.5 419 7.14 
 
3.5.1.3   Micro Device Mask Design 
Micro scale MIM diodes were fabricated using UV photolithography. The process 
involved manufacturing of photo mask, which is very critical to the process. Photo mask is a 
transparent plate with desired pattern that is employed to transfer a pattern to the substrate when 
UV radiation travels through it. The common ones are made of soda lime glass with a physical 
size of 5” × 5” × 0.09” and are coated the approximately 70nm thick of chrome layer.  
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The micro-scale device mask was designed with three objectives: 
 To fabricate a device with operational frequency at the GHz frequencies. 
 To run fabricate devices with a wide range of junction sizes, in order to study the effect 
of the junction size on the operation and performance of the diode.  
 To study and verify the effect of the tunnel layer thickness on performance 
characteristics, especially the nonlinearity of the diode. 
 
 
 
Two CAD software - CoventorWare  and Ledit [136] were employed to conduce design 
and layout to create the photo mask. The initial layout design was done with CoventorWare due 
(a) 
(b) 
Figure 3.8: The mask CAD design image. a) Zoom-out view of the entire 4-layer masks showing layer 
of different devices; b) slot antenna with coupled diode; and c) the MIM tunneling junction diode in 
zoom-in view. 
(c) 
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to its superb user friendly interface. The layout design was then transferred to Ledit via the 
graphic data system (GDS) format. 
L-Edit is the standard CAD software that is used by the Nanotechnology Research and 
Education Center at the University of South Florida. Its design output file is compatible with the 
mask making tool available at the center. It is also a great tool to create polygon, arcs, circles, pie 
slices, spirals and lettering. In addition, with L-Edit, pattern designs can be modularized into 
cells.  
 
Figure 3.9: A top-view photo of the first layer photolithography mask plate. 
 
Four layer masks were designed, fabricated for development of MIM diodes. The diode 
junction sizes ranged from 1m×1m to 100m×100m. Fig. 3.9 shows the photo of the first 
photo mask for the four-mask fabrication process. The photo mask was divided into two 
portions; the lower part had a variety of diode designs with different junction sizes and the upper 
part had slot and spiral antennas directly coupled with the diode. As shown in the figure, the 
double slot antennas were designed with 50Ω impedance for the initial test of the miniaturized 
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antennas.  The antenna design employed herein was comprised of double slot dipoles connected 
to a diode.  
3.5.1.4   Metal Oxide 
ALD metal oxides were employed as tunnel layers for MIM diodes studies by this work. 
As discussed in Chapter 2, for an electron to tunnel through a barrier at a low voltage, the tunnel 
layer is required to be no more than a few nanometers thick. For that reason, metallic oxides 
were deposited by ALD process to offer a great physical thickness and dielectric properties that 
improved the junction capacitance and reduced the leakage current [137-139].  Junction 
capacitance for instance, is mathematically expressed as; 
tAC o  
where A  is the contact area of the junction, κ is the dielectric constant, εo is the permittivity of 
the free space, and t is the thickness  of the tunnel layer.  
Apart from the dielectric characteristics of the materials under consideration, other 
factors that needed to be considered include: a) good thermal stability to prevent formation of 
interfacial layers; b) low density of intrinsic defect at the interface; c) a sufficiently large band 
gap to provide a high energy barrier (barrier height) at the metal/oxide interface; and d) the 
material should be compatible with the CMOS IC processing techniques. Table 3.3 shows the list 
of some materials, including their key properties, such as dielectric constant and band gap.  
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Table 3.3: Key properties of candidates materials considered for as plausible tunneling layer [140-142]. 
Material 
Dielectric 
Constant (εr) 
Band Gap (EG) 
(eV) 
Electron 
Affinity (eV) 
Si4N4 3.8 5.3 2.1 
Al2O3 9 8.7 1.35 
Y2O3 15 5.6 1.85 
La2O3 22 5.6 2.5 
Ta2O5 26 4.5 3.75 
TiO2 80 3.5 2.95 
HfO2 25 5.7 2.65 
ZrO2 25 5.8 2.75 
Gd2O3 4.8 5.8 3.5 
Yb2O5 15 5.6 1.85 
Dy2O3 14 4.8 1.75 
Nb2O5 50 4.35 1.7 
 
3.5.1.5   Fabrication 
The fabrication processes involved a four-mask UV photolithography process as shown 
in Fig.3.10. First, high-resistivity silicon wafers were cleaned following standard procedures 
known as an RCA clean. Thereafter, negative photoresist (NR9-3000PY from Futurrex Inc.) was 
used for patterning the bottom Pt electrode by a liftoff process. The photoresist was applied by 
spin coating at 3000rpm for 40s followed by soft baking for 60s at 150C. Post-exposure bake 
was done at 100C for 60s after exposing to UV light with 365nm wavelength.  A layer of 
Platinum (Pt) was deposited by e-beam evaporation to form the bottom electrode through a 
standard liftoff process. The same photolithography procedures were also carried out for the 
second and fourth layer. For the third layer, positive photoresist Shipley 1813 was used for 
patterning. At first, the hexamethyldisiloxane (HDMS) was spun at 3300rpm for 40 seconds, 
after which the resist was spun at the same rate and soft baked at 90
o
C for 3 minutes. The resist 
was exposed for 4 seconds, and then developed for 90 seconds in MF 319 developer. 
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Figure 3.10:  Step-by-step illustration of the four-mask UV photolithography fabrication process, 
including the deposition and patterning. (a) the first (bottom) electrode; (b) gold probe pads; (c) ultra-thin 
ALD tunnel layer; and (d) the second (top) electrode. 
 
1μm-thick-gold contact electrode was introduced in order to facilitate a better contact for 
on-wafer probing measurements. Subsequently, the metal oxide layer (the third layer) was 
deposited via atomic layer deposition. The oxide layer was then wet etched using 10:1 diluted 
buffered oxide etchant (BOE) solution for 5 minutes. This ALD process was followed by the 
final metallization step to define the Ti top electrodes of the MIM devices.  
Titanium (Ti) and platinum (Pt) with work function of 4.33eV and 5.6eV respectively 
were employed as metal materials for the junction. The step-by-step process flow is illustrated in 
Figure 3.9.  The metal deposition processes were carried out by e-beam evaporation. Atomic 
Layer Deposition (ALD) was employed for depositing the tunnel junction layer(s). ALD 
Si Cr-Seed
Layer
Pt-Bottom
Contact
Au-Probe
Pad
Tunnel
Layer
Ti-Top
Contact
(a) (b) 
(c) (d) 
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deposition has the unique capability of producing a digitally controlled, extremely uniform and 
conformal tunnel layer of an ultra-thin thickness in the range of a few nanometers [143].  
3.5.2 Metrology 
The sample SEM image of a fabricated MIM device is shown in Fig. 3.11. The image 
was taken using JEOL SU-70 (Fig. 3.4) housed in the NREC at USF. High yield and 
repeatability of the MIM diode fabrication were observed. This can be ascribed to the great 
control of the thickness and the uniformity of the tunnel layers. Fig. 3.12 presents a Transmission 
Electron Microscopy (TEM) image showing the tunnel oxide layer of HfO2 in between Pt bottom 
electrode and Ti top electrode. Generally speaking, the ALD process can be described as a thin 
film deposition method that is based on sequentially pulsed self-terminating precursors [131]. 
Figure 3.13 show the energy dispersive x-ray (EDX) scan result to reveal and verify the 
composition of the materials. 
 
 
Figure 3.11: SEM images of the fabricated MIM diode device showing 50µm50µm junction size 
Oxide 
Tunnel Layer 
Pt 
Ti 
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By employing the atomic layer deposition (ALD) process, we have successfully 
fabricated MIM diodes with a variety of junction areas ranging from 3µm3µm to 
100µm100µm. The ALD technique offers a superb uniformity, low defect density, and precise 
thickness control of the tunneling insulator layer. Hence, several ultra-thin insulator materials 
(e.g., Al2O3, TiO2 and HfO2) with varied thicknesses have been concurrently explored. The 
systematic investigation of the measured I-V characteristics of these MIM devices clearly 
demonstrated that their performances can be greatly enhanced by optimizing the junction 
properties as compared to similar devices reported previously. In some MIM devices built with 
3nm-thick tunneling junctions, junction resistances in the range of 50Ω or less have been 
demonstrated, while exhibiting a great promise for achieving enhanced responsivity. 
 
2nm
TiO2
Pt
Ti
Figure 3.12: TEM cross-sectional image of MIM junction showing interfacial layers of TiO2 in 
between Ti (top) and Pt (bottom) electrodes 
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Figure 3.13: The metrology analysis of the fabricated device showing a TEM cross-sectional image of 
MIM junction showing the TiO2 interfacial layer in between Ti (top) and Pt (bottom) electrodes. 
 
     
(a)                                                                     (b) 
Figure 3.14: The metrology analysis of the fabricated device showing an EDX spectrum verifying the 
composition of the (Pt-TiO2-Ti) MIM tunnel junction. 
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3.6 Summary  
In this chapter, the tools used to fabricate the MIM diode are described in detail. In 
addition, the general fabrication process and material consideration was also discussed. The UV 
lithography process discussed in section 3.1.1 was used to fabricate the micro sized devices.  The 
sub-micro (nano-size) devices were fabricated by the e-beam process discussed in section 
3.1.1.2. Atomic layer deposition (ALD) detailed in section 3.1.3.2 was used to deposit thin film 
of metal oxides as tunnel layer while sputtering and electron beam evaporation was used to 
deposit metal thin films for electrodes. By employing the atomic layer deposition (ALD) process, 
MIM diodes with a variety of junction areas ranging from 3µm3µm to 100µm100µm were 
successfully fabricated. The ALD technique offers a superb uniformity, low defect density, and 
precise thickness control of the tunneling insulator layer. Hence, several ultra-thin insulator 
materials (e.g., Al2O3, TiO2 and HfO2) with varied thicknesses have been concurrently explored.  
Also in this chapter, the device fabrication process and the metrology techniques was 
described in detail. The substrate cleaning procedure, which is a necessary step to remove the 
organic and inorganic contaminant was also discussed. Such contaminants include oily layer, 
organic layer(s), and light and heavy metallic ion layer. In section 3.2.1.3 the mask design layout 
and manufacturing was detailed. The step-by-step process flow and fabrication procedures were 
discussed in section 3.2.1.5. The thickness of the thin-film tunnel layer and the fabricated diodes 
sizes were verified by the metrology analysis, which was discussed in section 3.2.2.  
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CHAPTER 4: DC CHARACTERIZATION 
The DC characteristic of a MIM tunneling diode is its essential performance metric. A 
DC measurement is conducted primarily to obtain the current (I) vs. voltage (V) or resistance vs. 
voltage characteristics by providing a voltage or current stimulus and measuring current or 
voltage reaction. It is a basic electric measurement and a fundamental way to discover behavior 
and characterize microelectronics devices. In this study, DC characterization was used to 
determine the operational voltage and functionalities of the device after fabrication. Firstly, the 
measurement setup will be discussed. Thereafter, the I-V and other MIM diode performance 
parameters that were extracted from the measured I-V responses will be discussed, including; 
differential resistance versus voltage, responsivity versus voltage, asymmetry and nonlinearity 
versus voltage plots.  
4.1 DC Experimental Setup 
DC I-V characterization was performed on the fabricated MIM diode using the HP4145 
semiconductor parameter analyzer along with a probe station. Fig. 4.1 shows the characterization 
setup. The device’s DC characterization was performed under this two-part scheme.  
HP4145 is an extremely useful tool for characterizing semiconductor devices. The MIM 
diodes were characterized to evaluate their characteristics such as I-V responses. A Hewlett 
Packard 4145 was connected in series with a micromanipulator probe station for preliminary 
characterization of the selected devices. The testing setup consists of a collection of high-
precision current and voltage sources and meters, along with software to drive the whole 
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operation. At the completion of the sweep measurement, the HP plotter displays the result on the 
control computer monitor. The measurement tool was connected to the computer through a 
General Purpose Interface Board (GPIB). The I-V responses of the diodes were obtained by 
sweeping the voltage in both positive and negative polarities. 
 
 
Figure 4.1: A simplified schematic illustration of DC characterization scheme with a HP4145B 
semiconductor parametric analyzer 
 
The DC measurement was performed on batch fabricated MIM diodes with various 
junction areas ranging from 5μm × 5μm to 100μm × 100μm. The I-V measurements were 
performed at room temperature. 
Coax 
Cable
MIM Diode 
Computer Output View  
HP 4145B Parameter Analyzer
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4.1.1 Characteristics of Pt-HfO2-Ti MIM Diodes with 2nm-thick Tunnel Layer 
I-V characteristic plots of the various micro-fabricated Pt-HfO2-Ti MIM diodes with 
10μm × 10μm to 30μm × 30μm junction areas are shown in Fig. 4.2 (a). The responses were 
obtained when devices were biased with a sweep voltage of ±0.8V. The devices with smaller 
junction sizes demonstrated slightly lower current amplitude as compared to that of the bigger 
devices. These diodes with a single layer of 2nm-thick HfO2 tunnel material exhibited a limited 
degree of nonlinearity and asymmetry peaked around +0.4V and -0.5V, respectively. The 
asymmetry is a result of the usage of different metal electrodes materials. Fig. 4.2 (b) – (d) 
present the measured and extracted DC characteristics of various junctions including the 
differential resistance, the nonlinearity, and the asymmetry. These parameters as shown in Table 
4.1, show the key performance aspects of the diodes. Fig. 4.2 (b) shows that smaller MIM 
devices have higher differential resistance along with higher responsivity, as compared to larger 
devices. To a certain extent, the nonlinearity shown in Fig. 4.2(c) for these devices show area 
dependence, and asymmetry as seen in Fig. 4.2(d) reveal similar trends for all sizes. 
 
Table 4.1: The definittion of the key performance parameters for evaluating MIM diodes. 
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Figure 4.2: Measured DC I-V characteristics of Pt-HfO2-Ti MIM diodes with 2nm-thick tunnel layer and 
different junction area. (a) Current vs. Voltage relationships, (b) Differential resistance vs. Voltage; (c) 
Nonlinearity vs. Voltage; and (d) Asymmetry vs. Voltage relationships. 
 
Table 4.2: A summary of measured characteristics of Pt-HfO2-Ti MIM diodes with 2nm-thick HfO2 
tunnel layer and different junction sizes ranging from 10µm×10µm to 30µm×30µm. 
Junction Area 
Configuration 
Zero-Bias Diff. 
Resistance 
Calculated Peak 
Responsivity 
10μm × 10μm 2800 Ω 4900 V/W 
20μm × 20μm 2500 Ω 4000 V/W 
30μm × 30μm 1800 Ω 3500 V/W 
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4.1.2 Characteristics of Pt-HfO2-Ti MIM Diodes with 3nm-thick HfO2 Tunnel Layer 
In this work, Pt-HfO2-Ti MIM diodes with a 3nm-thick HfO2 tunnel layer were 
fabricated, measured and characterized. From the I-V measurement, the current densities vs. 
voltage responses for devices with different junction sizes varying from 10μm × 10μm to 30μm 
× 30μm contact areas are shown in Fig. 4.3(a). The nonlinearities of these devices was observed 
in between the bias voltage of ±0.5V.  
 
Figure 4.3: Measured DC I-V characteristics of Pt-HfO2-Ti MIM diodes with 3nm-thick tunnel layer but 
different junction sizes. (a) Current vs. Voltage; (b) Differential resistance vs. Voltage; (c) Nonlinearity 
vs. Voltage; and (d) Asymmetry vs. Voltage relationships. 
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The reverse and forward currents in the range of tens of 10
-7A/μm2 were measured. Fig. 
4.3(b) – (c) present the key figure of merit of these diodes as defined by differential resistance, 
asymmetry, and nonlinearity. It was observed that these devices exhibited higher differential 
resistance as compared to that of the devices with a 2nm tunnel layer discussed in the previous 
section. Also, these devices exhibited a pattern of area dependency in its nonlinearity and limited 
asymmetry probably due to the usage of different electrode materials. 
 
Table 4.3: A summary of measured characteristics of Pt-HfO2-Ti MIM diodes with 3nm-thick HfO2 
tunnel layer and different junction sizes ranging from 10µm×10µm to 30µm×30µm. 
 
4.1.3 Characteristics of Pt-TiO2-Ti MIM Diodes with 3nm-thick TiO2 Tunnel Layer 
Another thin film material that is also studied and used as a tunnel layer in the fabrication 
of the MIM diode is TiO2. This high-k material has been actively studied. As a result, it was 
viewed as a major candidate for some memory capacitors and transistors [145, 146]. The TiO2 
(dielectric constant r =80, band gap EG=3.5eV) employed in the fabrication of these diodes is 
discussed in this section. According to Wilk et al. [141]. TiO2 exhibits electrical properties that 
are different from other metal oxide in group IV. The soft phonons formed from the Ti ions 
result in the material’s high permittivity. Thus, the Ti–O bond creates a carrier trap and high 
leakage paths [141]. These properties of TiO2 contribute to the characteristic difference of the 
devices manufactured with HfO2 and TiO2. Fig. 4.4 presents the I-V characteristics for devices 
Junction Area 
Configuration 
Zero-Bias 
Diff. Resistance (MΩ) 
Responsivity 
(V/W) 
10μm × 10μm 2.15 8×10
6
 
20μm × 20μm 1.2 5×10
6
 
30μm × 30μm 1.10 1.3×10
6
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with 10μm × 10μm to 30μm × 30μm contact areas. The devices were measured by sweeping the 
bias voltage between ±0.3V. A minimal degree of nonlinearity and asymmetry was observed for 
these devices. Fig. 4(b) – (d) presents differential resistance, asymmetry and nonlinearity curves 
extracted from the I-V data. Table 4.4 summarizes the value of the differential resistance with the 
calculated responsivities.  
 
 
Figure 4.4: Measured DC characteristics of Pt-TiO2-Ti MIM diodes with 3nm-thick tunnel layer but 
different junction sizes. (a) Current vs. Voltage relationship; (b) differential resistance vs. voltage 
relationship; (c) nonlinearity vs. voltage relationship; and (d) asymmetry vs. voltage relationship 
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Table 4.4: A summary of measured characteristics of Pt-TiO2-Ti MIM diodes with 3nm-thick TiO2 tunnel 
layer and different junction sizes ranging from 10µm×10µm to 30µm×30µm. 
Junction 
Area 
Zero-Bias 
Differential Resistance 
Peak Responsivity 
10µm×10µm 230 Ω 3000 V/W 
20µm×20µm 65 Ω 300 V/W 
30µm×30µm 29 Ω 40 /W 
 
4.1.4 Characteristics of Pt-TiO2-Ti MIM Diodes with 4nm-thick Tunnel Layer 
Another batch of MIM diodes was fabricated with 4nm-thick TiO2. Fig. 4.8 shows the 
current density versus voltage, while Fig. 4.9 presents the differential resistance, responsivity, 
asymmetry, and the nonlinearity plot versus voltage.   
 
Table 4.5: A summary of measured characteristics of Pt-TiO2-Ti MIM diodes with 4nm-thick TiO2 tunnel 
layer and different junction sizes ranging from 10µm×10µm to 30µm×30µm. 
Junction Area Zero-Bias Differential 
Resistance 
Peak 
Responsivity 
10µm×10µm 700 Ω 500 V/W 
20µm×20µm 300 Ω 250 V/W 
30µm×30µm 122 Ω 150 V/W 
 
In summary, the following was observed for devices with a single tunnel layer: 
 The MIM diode with a smaller junction size has higher junction resistance in comparison 
to devices with larger junction sizes.  
 The tunnel layer thickness reduction drastically lowers the value of the MIM diode 
junction resistance. 
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Figure 4.5: Measured DC characteristics of Pt-TiO2-Ti MIM diodes with 4nm-thick tunnel layer but 
different junction sizes. (a) Current vs. Bias Voltage, (b) differential resistance vs. Bias Voltage; (c) 
nonlinearity vs. Bias Voltage; and (d) asymmetry vs. Bias Voltage. 
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 As compared to devices with TiO2 tunnels layer of the same thickness, the identically 
sized devices with HfO2 tunnel layers exhibit more pronounced nonlinearity. 
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 It was observed that the normalization plots of current density vs voltage (J-V) were 
different for the MIM diodes with respect to the area, this could be a result of 
imperfection in the fabrication process that need to be investigated in the future work. 
Several prior works [144, 148] have explored the employment of dissimilar metal 
electrodes with disparate work functions in an MIM diode, to achieve strong nonlinearity and 
asymmetry. The experimental results in this work clearly indicate that other factors, such as 
MIM junction areas, the tunnel layer thickness and tunnel material composition also play a 
strong role. In addition, other physical properties such as permittivity, barrier height [149], 
thermal stability, interface quality, device geometry, and film morphology [150] can be exploited 
to influence the performance of an MIM diode, as evidenced by the results shown in Figures 4.2-
4.5. 
The I-V curves of the Pt-oxide-Ti MIM diodes are shown in Figures 4.2(a), 4.3(a), 4.4(a) 
and 4.5(a) for 2nm HfO2, 3nm of HfO2, 3nm of TiO2, and 4nm of TiO2, respectively. By 
comparing devices with 10µm×10µm, 20µm×20µm, and 30µm×30µm junction areas, the strong 
correlation between the junction area and the operation current was observed. It is clear that as 
the junction area increases, so too does the current from the I-V measurements. The tunneling 
layer’s thickness and the electrical properties contribute to the variation in magnitude of the 
current amongst devices [151]. For example, the MIM diodes for both 2nm and 3nm HfO2 and 
3nm and 4nm TiO2 tunneling layers exhibited a lower current as thickness increased. A three-
order magnitude difference in current was observed for devices with different tunnel layers of the 
same 3nm thickness as shown in Figures 4.3(a)-4.4(a). In part, this can likely be attributed to the 
different electrical properties of the oxide materials, such as the bandgap or permittivity.   
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Likewise, the value of the extracted junction impedance is strongly correlated with the 
thickness and material of the tunneling layer. The first derivative of the measured I-V response 
reveals the junction resistance of the diode, which is plotted accordingly in Figures 4.2(b), 
4.3(b), 4.4(b), and 4.5(b). For instance, the zero-bias junction resistances of MIM diodes of 
identically sized junction of 30µm×30µm with 2nm-HfO2, 3nm-HfO2, 3nm-TiO2, and 4nm-TiO2 
tunneling layers are 1.8kΩ, 1.1MΩ, 29Ω, and 122Ω, respectively. The direct comparison 
between different oxide materials of the same thickness reveals that the electrical properties, 
such as permittivity and bandgap, of the material are factors that contribute to tunneling in MIM 
diode. The drastic performance variation of devices with a 1nm difference in tunneling layer 
thickness can be attributed to the unique physical properties of TiO2 as compared to other 
insulators [141]. TiO2 (permittivity r=80 and bandgap EG=3.5eV) and HfO2 (r=25, EG=5.7eV) 
are group IV metal oxide [152],[153]. However, TiO2 typically exhibits different electrical 
properties from other materials from the group IV according to Wilk et al. [141]. This is due to 
the effect of soft phonons, which leads to a high permittivity. This phenomenon contributes to 
the distinct difference in characteristics of devices with TiO2 and HfO2 tunneling layers. As seen 
in Figures 4.3-4.4, the devices with 3nm-thick TiO2 layer are more susceptible to electron 
tunneling due to the effective barrier height and the Fermi energy, which results in enhanced 
electron affinity and the reduced bandgap [154]. 
In practice, the MIM diode’s performance is often quantified by its responsivity and 
sensitivity as a key metric for diode rectification performance [29]. Responsivity and sensitivity 
are determined by the diode’s degree of nonlinearity, which is strongly influenced by the choice 
of tunneling layer material and its thickness [25, 155]. The nonlinearity performance of the 
fabricated MIM diodes with HfO2 and TiO2 are shown in Figures 4.2(c), 4.3(c), 4.4(c) and 4.5(c). 
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Though the MIM diode exhibits limited nonlinearity, the peak nonlinearity performance of the 
HfO2 (~4) is better than that of the TiO2 (~2), which shows a quasi-linear response. This can be 
attributed to the relationship between electron tunneling and the medium bandgap as discussed in 
[156], as a contributor to the electron mobility in the barrier [151]. Additionally, the MIM diodes 
with larger junction areas exhibit noticeably less asymmetry around unity over the entire DC bias 
voltage range as compared to those with smaller junction areas. To improve the performance of 
diode detector, a higher degree of nonlinearity and asymmetry is necessary. 
4.2 Characteristics of Multi-layer MIIM Diode (Pt-HfO2-TiO2-Ti) 
To improve the nonlinearity of the MIM diode, a multi-layer tunneling structure was 
introduced. Metal-insulator-insulator-metal diode (MIIM) for example introduces an extra barrier 
at the interfaces of the two insulators due to their differences in material properties specifically 
their electron affinities. This led to enhanced asymmetry and nonlinearity properties, hence its 
responsivity also improved. The tunnel barrier for MIIM diode was designed and tailored by 
formation of two cascaded barriers with HfO2 (Ea=2.5eV, r=25, EG = 5.7eV) and TiO2 
(Ea=3.9eV, r =80, band gap EG=3.5eV).  
The use of different metal electrodes with large work function differences between them 
assisted in achieving more pronounced asymmetrical response. A high degree of nonlinearity is 
achieved by the barrier height as a result of the Schottky limit created from the metal-
semiconductor contact [140]. The barrier height of the electron (φn) tunneling through a Schottky 
barrier is defined as the difference between the metal work function (ФM) and the electron 
affinity of the insulator (χs) (φn = . ФM - χs). Fig. 4.10 shows a simplified cross-sectional 
schematic of the Pt-HfO2-TiO2-Ti MIIM diode and its corresponding energy band diagram, 
respectively. 1, 2 and 3 represent the barrier heights at the interfaces between stacked 
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dissimilar materials such as M1/I1, I1/I2 and I2/M2 correspondingly. The MIIM junction is 
composed of a 150nm of Pt, a 1.5nm of HfO2, a 1.5nm of TiO2 and 150nm of Ti stacked layers. 
With the introduction of another tunnel layer to a MIM device, one extra potential barrier is 
introduced. Represented in Fig. 4.6(b), shows a double layer MIIM diode a three energy barriers 
defining the effective tunnel junction. Because of this additional barrier, the nonlinearity of the 
diode also improved. The MIIM diodes with double insulator layers and different junction areas 
have been characterized. 
 
 
Figure 4.6: (a) A schematic diagram of a MIIM diode; (b) Energy band diagram of a MIIM diode having 
a cascaded barrier. 
 
The process of fabricating a multi-layer MIM diode is similar to the fabrication process 
discussed earlier in Chapter 3. The extra step is to deposit multiple ALD layers consecutively 
under vacuum. The DC characteristics for Pt-HfO2-TiO2-Ti MIIM diodes with 20µm20µm, 
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10µm10µm and 5µm5µm junction areas are shown in Fig. 4.7, Fig. 4.8, and Fig. 4.9, 
respectively.  
Fig. 4.10 presents measured DC characteristics versus bias voltage for more than a dozen 
of the Pt/HfO2/TiO2/Ti MIIM diodes, including current, current density, junction resistance, 
responsivity, nonlinearity, and asymmetry. Multiple devices were fabricated using the same 
materials under the same procedures. The DC analysis was performed on all of the devices, and 
the error and standard deviations were calculated. The measured results from more than 15 
devices with 20µm×20µm junction area have been included in Fig. 4.10, thus revealing a fairly 
small device-to-device variation. This shows that the fabrication procedure employed is very 
much repeatable and the fabrication is also quite good. 
By comparing the measured results of MIM and MIIM diodes, it was observed that the 
amplitude of the forward-bias and the reverse bias currents of a MIM diode (nA range) is 
generally greater than the current of a MIIM diode (μA range). The differential resistance of a 
MIIM diode is higher than that of a MIM diode with the same tunnel layer thickness. While the 
asymmetry is not noticeable in MIM devices, the MIIM shows much more pronounced levels of 
asymmetry. The asymmetry in a MIIM diode is more than 10 times greater than that of a typical 
MIM diode. The nonlinearity is likewise much more pronounced in MIIM diodes. This indicates 
that MIIM diodes are far superior, in terms of their rectification efficiencies, as compared to the 
best MIM diodes. 
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Figure 4.7: Measured DC characteristics of several Pt-HfO2-TiO2-Ti MIIM diodes with 20µm20µm 
junction area composed of two stacked 1.5nm-thick tunnel layers. (a) Current, (b) current density, (c) the 
differential resistance, (d) responsivity, (e) nonlinearity, and (f) asymmetry versus bias voltage. 
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Figure 4.8: Measured DC characteristics for several Pt-HfO2-TiO2-Ti MIIM diodes with 10µm10µm 
junction areas composed of two stacked 1.5nm-thick tunnel layers. (a) Current, (b) current density, (c) the 
differential resistance, (d) nonlinearity, and (e) asymmetry versus bias voltage. 
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Figure 4.9: Measured DC characteristics for several Pt-HfO2-TiO2-Ti MIIM diodes with 5µm5µm 
junction areas composed of two stacked 1.5nm-thick tunnel layers. (a) Current, (b) current density, (c) the 
differential resistance, (d) responsivity, (e) nonlinearity, and (d) asymmetry versus bias voltage. 
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Figure 4.10: Comparison of the measured DC characteristics of 15 Pt-HfO2-TiO2-Ti MIIM diodes with 
20µm20µm junction areas composed of two stacked 1.5nm-thick tunnel layers. (a) Current, (b) current 
density, (c) the differential resistance (d) responsivity, (e) nonlinearity, and (d) asymmetry versus bias 
voltage 
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4.3 Barrier Height Extraction 
At the metal-insulator interfaces in a MIM diode structure, a change in the equilibrium 
state occurs that allows electrons to tunnel from one metal to the other when there is enough 
applied potential to overcome the potential barrier [76, 88, 94]. The current density (J) of the 
MIM arrangement is proportional to the mean barrier height [76, 157]. By accurately extracting 
the barrier heights, the electron affinity and thickness properties of the tunneling layer can be 
determined. 
An analytical formula reported by Simmons [76] and Meservey [12] for MIM devices, 
with dissimilar electrodes, was used to model the tunneling mechanism of the diode. The current 
density of the MIM diode as a function of the bias voltage is calculated by Eq. (4.1). The model 
predicts tunneling current in the forward and the reverse directions with a trapezoidal barrier of a 
single tunneling layer [158]. A numerical expression for current density in MIM diode operating 
in the intermediate bias voltage (i.e., eV< ) [12] is given by: 
)( 3VVJ    (4.1) 
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The effective mean barrier height is given by: 
  221 eV   (4.5) 
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where m, e, h, and S represent electron mass, the charge of an electron, Planck’s constant, and 
the thickness of the insulating film, respectively. The asymmetric barrier heights, 
1  and 2 , 
are the asymmetric barrier heights at the interfaces between the electrodes and the tunneling 
layer. A numerical model based on Eq. 4.1 was developed with the aid of MATLAB and 
optimized to fit the model prediction to the measured MIM diode results. The effective mean 
barrier height with the best fitted characteristics was then extracted. 
Fig. 4.11 presents the comparison between measured and the modeled predicted results 
for an MIM diode with the same 20µm×20µm junction area. For each device, the model was 
accurately fitted against the experimental data to extract the mean barrier height. From this 
approach, 2.85eV, 1.68eV, 1.04eV and 0.60eV were extracted as the mean barrier heights for the 
MIM devices with 2nm-thick HfO2, 3nm-thick HfO2, 3nm-thick TiO2 and 4nm-thick TiO2, 
respectively. Table 4.6 summarizes the key extracted parameters for the MIM diodes with 
different insulator materials and thicknesses. In particular, it was observed that the mean barrier 
heights are inversely dependent on the tunneling layer thickness.  
Unlike the bulk material properties that have been used to calculate the barrier height 
(difference between the metal work function and the electron affinity of the insulator [12, 93, 
140]) of MIM diode, the approach presented in this work gives an accurate value based on the 
device measurement. Because of the relationship between the barrier height and the tunneling 
layer’s electron affinity, it was also observed that the thickness of the insulator directly affected 
the electron affinity, as reported by Tien et al [159]. 
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Figure 4.11: Measured MIM diode results vs. modeled predicted I-V responses. (a) Pt-HfO2-Ti MIM 
diode with 2nm-thick HfO2; (b) Pt-HfO2-Ti MIM diode with 3nm-thick HfO2; (c) Pt-TiO2-Ti MIM diode 
with 3nm-thick TiO2; (d) Pt-TiO2-Ti MIM diode with 4nm-thick TiO2. 
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Table 4.6: Comparison of parameters extracted from the modeled to measured data. 
Junction 
Material 
S(nm)    (eV) 
R 
(KΩ) 
Reps.(Ɍ) 
(V/W) 
Pt-HfO2-Ti 3±0.2 1.68±0.23 900 ~5,000,000 
Pt-HfO2-Ti 2±0.2 2.85±0.58 1.6 ~6000 
Pt-TiO2-Ti 4±0.3 0.60±0.09 0.09 230 
Pt-TiO2-Ti 3±0.2 1.04±0.14 0.04 50 
 
4.4 Summary 
The current -voltage (I-V) characteristics of a variety of microfabricated MIM diode 
devices were analyzed. Fig. 4.2 showed the DC characteristics of the Pt-HfO2-Ti MIM diode 
with 2nm-thin tunnel layer with different junction areas ranging from 10µm×10µm to 
30µm×30µm. Fig. 4.3 presented measured I-V characteristics for Pt-HfO2-Ti MIM diode with 
3nm-thick tunneling layers for areas ranging from 10µm×10µm to 30µm×30µm. The DC 
analysis of resistance, asymmetry and nonlinearity was presented in Fig. 4.3 (b), (c) and (d). 
Tables 4.2 and Table 4.3 summarized the DC characteristics calculated from different junction 
areas of the 2nm and 3nm tunnel layer thicknesses respectively for Pt-HfO2-Ti MIM diodes. Fig. 
4.4 presented the measured I-V DC responses for Pt-TiO2-Ti MIM diodes with 3nm-thick 
tunneling layers for devices with 10µm×10µm to 30µm×30µm junction areas. Also, DC 
characteristics of Pt-TiO2-Ti MIM diodes with 4nm-thin tunneling layers were presented in Fig. 
4.5 for various areas ranging from 10µm×10µm to 30µm×30µm. Tables 4.4 and 4.5 showed the 
differential resistance and responsivity of the TiO2 enhanced MIM diode with 3nm-thick and 
4nm-thick oxide layers, respectively.  
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The effects of tunneling layer thickness, bandgap, and permittivity on MIM diode 
behavior have been examined with respect to its measured DC characteristics. By comparing 
devices with 30µm×30µm and 10µm×10µm junction areas, it was observed that the current 
density decreased as the junction area increased. Likewise, the value of the extracted junction 
impedance strongly correlated with the thickness of the tunneling layer. For instance, the zero-
bias junction resistances of MIM diodes of identically sized junctions of 30µm×30µm with 2nm-
HfO2, 3nm-HfO2, 3nm-TiO2, and 4nm-TiO2 tunneling layers were 1800Ω, 1.1MΩ, 29Ω, and 
122Ω, respectively.  
The asymmetry and nonlinearity was improved by the introduction of multiple stacked 
tunnel layers. A metal-insulator-insulator-metal (MIIM) diode introduced an extra barrier at the 
interface between the two stacked tunneling layers due to their different electron affinities. Fig. 
4.7, 4.8 and 4.9 presented the measured characteristics for more than 5 Pt-HfO2-TiO2-Ti MIIM 
diodes with the same 20µm×20µm junction area, including current density, junction resistance, 
nonlinearity, and asymmetry. A minimal device-to-device variation was observed. Fig. 4.10 
presented the variations of measured DC characteristics of several devices with the same 
20µm×20µm junction area, showing great fabrication toleration and minimum variation. 
A comparison of devices with the same 20µm×20µm junction area and 3nm-thick overall 
tunneling layer thicknesses was presented in Table 4.7. By comparing the measured DC 
characteristics of MIM and MIIM diodes, it was evident that the amplitude of the current under 
the same level of forward and reverse bias for MIM diode is greater than that of the MIIM diode. 
The difference in measured current can be ascribed to the additional barrier height at the 
insulator-insulator interface. In general, the extracted differential resistance for the MIIM diode 
is higher than that of MIM diode with an identical total tunnel layer thickness. The superiority of 
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an MIIM diode over MIM diode lies in its rectification efficiency due to strong nonlinearity and 
asymmetry. The asymmetry in MIIM diode is more than 10 times greater than that of a typical 
MIM diode with a single tunneling layer made of TiO2 or HfO2. The nonlinearity of MIIM diode 
is also much more pronounced than that of MIM counterpart.  
Table 4.7: Comparison between DC characteristics of MIM and MIIM diodes. 
Junction 
Configuration 
3nm-thin 
Zero-Bias 
Differential 
Resistance 
Calculated Peak 
Responsivity 
(V/W) 
 
Asymmetry 
 
Nonlinearity 
Pt-HfO2-Ti 1 M 5×10
6 
 ~2 ~1 
Pt-TiO2-Ti 45  40  ~0.75 0.95 
Pt-HfO2-TiO2-Ti 0.1 M ~2×10
4
 10 5.5 
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CHAPTER 5: FABRICATION AND CHARACTERIZATION OF MIM/MIIM DIODES 
WITH NANOSCALE JUNCTIONS 
Batches of MIM/MIIM diodes with junction areas as small as 200nm200nm have been 
successfully fabricated to operate at millimeters wave and sub-millimeter wave tendencies.  The 
nano fabrication work was carried out by using the e-beam lithography tool of the Center for 
Nanoscale Materials at Argonne National Laboratory. The MIM/MIIM diodes were batch 
fabricated on a 4-inch high resistivity silicon wafer by a combination of conventional UV 
lithography and e-beam lithography. 
5.1 Electron Beam 
Like the micro-scale devices discussed in chapter 4, the development of the nano-scale 
devices was designed with four lithography processes. The first three layers were done with 
electron beam (E-Beam) lithography process, while the last and the fourth layer was patterned by 
photolithography. The choice of the design, structure, and the dimensions of the MIM tunneling 
diode discussed in this chapter was carefully done to operate at terahertz frequency. There are 
four different designs of overlay structure with 200nm200nm junction presented. The desired 
pattern was pre-designed using L-Edit CAD layout software. Apart from the last layer, no UV 
photolithograpy was required for this process. Fig. 5.1 shows the CAD mask layout of the MIM 
diode designs. 
Platinum-Oxide-Titanium MIM diode was fabricated from this process. The first 
lithography process established the pattern for the platinum (Pt) bottom electrode. Basically, 
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Methyl-methacrylate (MMA) and poly-MMA (PMMA) were employed to form a double-layer 
resist, which provided expected deep undercut after development for metal deposition and lift-
off. The MMA EL9 was spun on high resistivity silicon at 4000rpm for 45seconds, and baked at 
180
o
C for 180secs. Thereafter, PMMA-A4 was spun also at 4000rpm for 45seconds and baked at 
180
o
C for 180 seconds.  
5.1.1 E-Beam Exposure Process 
The resist coated wafer was placed into a 100mm customized wafer cassette for JEOL-
9300 stage. The cassette was loaded into the system stage. The stage has Faraday cup, absorption 
electron (AE) detection (for beam size and beam position), and backscattered electron (BE) 
detection (for mark position detection slot of scanning electron microscope processes). Several 
system subroutines were carried out for different purposes. Examples of such subroutine 
included: 
 PDEFBE and SUBDEFBE – proper local alignment detection 
 DISTBE  –  field distortion correction  
 HEIMAP – height detection. 
The L-Edit CAD file was converted to a graphical database system GDSII format. This 
file was converted to a JBXFILER file by the system, and thereafter was converted to a JOEL52 
v3.0 file for pattern writing purposes. The execution files were three types: a) job deck file (.jdf), 
schedule file (.sdf), and writing schedule-magazine file (.mgn). Table 5.1 summarizes the 
function of the pattern writing files used by JEOL 9300.  
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Table 5.1: Description of specific pattern preparation and pattern writing files used by JEOL 9300. 
JOB DECK File (.jdf) SCHEDULE File (.sdf) 
Connect the tool to the JEOL52 v3.0 pattern file Specify the wafer cassette window 
Set the tool to writing pattern on the wafer Indicate the calibration file 
Set the shot modulation Specify the base dose  
Set the tool to the type of calibration Direct the tool to job deck file(s) to implement 
Indicate the parameter for beam current Specify the shot pitch 
 
The resist coated wafer was exposed to e-beam radiation at 1000μC/cm2 for PMMA and 
250μC/cm2 at 100keV. The wafer was thereafter developed by immersing it into a 4-Methyl-2-
pentanone mix with isopropanol at 1:3 ratio for 60 seconds. Oxygen descuum was performed on 
the substrate (160mTorr, 24sccm of O2 under 20W for 15 seconds). Titanium-7nm/Platinum-
80nm was sputtered, followed by a lift-off procedure as follow: 
 1165 remover (n-methyl pyrrolidinone) was heated to 70oC on hot a plate. 
 The sample was placed in the heated 1165 remover for more than 3hrs. 
 The sample was placed in ultrasonic for 15 seconds. 
 The sample was rinsed with acetone, methanol, and isopropanol. 
The second layer involved depositing the metallic high-k oxide(s). ALD metal oxides, 
such as TiO2, Al2O3 and HfO2, were employed individually for MIM diodes or utilized together 
to build MIIM or MIIIM tunnel diodes. The table-top atomic layer deposition system 
manufactured by GEMSTAR-8 housed at CNM was used. The Al2O3 layer was deposited at 
1Å/cycle nominal rate at 200
o
C, HfO2 at 0.9 Å/cycle at 200
o
C , and TiO2 at 0.4 Å/cycle at 225
o
C. 
For the multi-layer MIM diode, the only extra step was to form the stacked multi-layer tunnel 
junction through consecutive depositions under vacuum. The sample was then prepared for  
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Figure 5.1: Mask layout representation of different design of 200nm200nm MIM diode 
 
patterning. The process included: 
 The substrate was spin coated with ma-N 2403 resist at 3000rpm for 45seconds, to reach 
a thickness of about 350nm. 
 Baked at 95oC for 45 seconds on a hotplate. 
 It was later exposed to e-beam radiation at dose of 1000μC/cm2.  
 The exposed substrate was developed by immersion in MA-D332-S for 15 seconds.  
Gold Probe pad 
Tunnel layer 
Bottom Electrode 
Top Electrode 
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 The substrate was then rinse in DI water by immersing it in an overflowing, bubbling 
beaker of DI water for 5 minutes. 
 Descuum was subsequently performed on the substrate. 
The oxide layer(s) was dry etched in a Plasmalab system 100 manufactured by Oxford 
Instruments. The recipe included 5sccm of argon (Ar), 10sccm of chlorine (Cl2), and 10sccm of 
boron tricloride (BCl3). The pressure was set to be 5mTorr, along with a temperature of 20
o
C, 
ICP power at 500watts, and RF power at 150watts, and a process time of 15 seconds. The 
residual ma-N 2403 resist after etching was removed with 1165 solvent heated to 70
o
C on a 
hotplate. 
The top electrode of (Ti/Pt, 60/30) was patterned with a process similar to that of the 
bottom electrode. The fourth step for defining the gold probe pad layer was done with UV 
photolithography. The reason for this decision was due to the estimated time to complete pattern 
writing with direct-write E-Beam lithography, as shown by Equation 5.1 as follow 
I
AD
tEstimateTimeJob

)(  (5.1) 
where D is the dose (μC/cm2), I represents the current (A), and A represents the exposure area 
(cm
2
). From this equation, it was clear that it would take more than 48hr to expose one 4” wafer 
at 200 μC/cm2. Thus, standard UV lithography is chosen for formation of the probe pads. 
The device wafer was spin coated at 3000rpm for 30 seconds with a negative photo resist 
AZ nLOF 2070 supplied by MicroChemical with 2.5:1 concentration. The coated substrate was 
soft baked for 60secs at 100
o
C and exposed with Karl Suss MA6 mask aligner at a 180mJ/cm
2
 
for 6 seconds. A post-exposure bake was done for 80 seconds at 100
o
C. It was then developed in 
CD-26 developer for 120 seconds. 1μm-thick gold layer was evaporated using an e-beam 
evaporator. The metal liftoff was done by soaking the wafer in acetone.  
98 
 
 
Figure 5.2: Top-view SEM image of a nano-fabricated MIM diode showing large coplanar pads 
patterned by  regular UN lithography for measurement purposes. 
 
5.1.2 Fabrication and Metrology 
The surface morphology of the bottom electrode was investigated using an atomic force 
microscopy (AFM) system. The surface roughness of the patterned platinum  bottom electrode is 
shown in Fig. 5.3. Fig. 5.3(a) and Fig. 5.3(b) show morphology images of the global alignment 
mark with bigger metal area. The analysis of the AFM scan image shows a mean roughness of 
26nm. The degree of roughness was of a concern, especially with the possibility of creating a 
short circuit as a result of bottom electrode materials penetrating through the thin ALD tunnel 
junction layer that would be sandwiched between the bottom and top electrodes. The roughness 
was improved on by depositing the Ti/Pt material under an ultra high vacuum of approximately 
10
-7
Torr at a relatively low deposition rate. The average roughness was improved to 11.7nm 
Gold Probe Pad 
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across a 180μm2 area. The improvement on the material deposition roughness has greatly 
increased the device fabrication yield and its repeatability. 
Devices with different shapes, geometry and dimensions in sub-micron region have been 
designed and fabricated, as shown in Fig. 5.4. With the cross-finger device structure, MIM 
diodes with single, double and multiple insulation tunnel layers were fabricated. The fabrication 
process was similar in all the cases, the only difference being that multiple tunnel layers were 
deposited concurrently one after the other in MIIM and MIIIM diodes. Several MIM/MIIM 
devices with single and multiple tunnel layers were fabricated with an identical design. 
MIM diodes with Al2O3 and HfO2 as single tunnel layers were successfully fabricated. 
Also, MIIM junction diodes composed of Pt-Al2O3-TiO2-Ti heterojunction were fabricated. The 
tunnel layers were made of 1.5nm-thick Al2O3 and TiO2 layer to result in total thickness of 3nm. 
In the same fashion, the MIIIM diode was comprised of Pt-Al2O3-HfO2-TiO2-Ti, with 1.5nm-
thick of Al2O3, HfO2, and TiO2 forming a stack of 4.5nm of total tunnel layer thickness. The 
multiple tunnel layer MIM diode was designed to achieve an electronic band structure base on 
the electron affinity of the material. The material parameters used in this design are consistent 
with what has been reported for similar thin films [140, 141]. Al2O3 thin film has the electron 
affinity (χ) of 1.3eV, band-gap (EG) of 8.8eV, and dielectric constant (κ) of 9; HfO2 has the 
electron affinity (χ) of 2.5eV, band-gap (EG) of 5.7eV, and dielectric constant (κ) of 25. And 
TiO2 thin film has the electron affinity (χ) of 3.9eV, band-gap (EG) of 3.5eV, and dielectric 
constant (κ) of 80. 
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Figure 5.3: To characterize the surface morphology of the bottom electrode, the material roughness 
measurement was done using a atomic force microscopy (AFM) system.  
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Figure 5.4: The SEM image of the cross-finger structure of the fabricated MIM diodes with nano-scale 
junctions. As shown, the junction area defined by the overlap of top and bottom electrodes is roughly 
200nm200nm.  
5.1.3 DC Characteristics 
The measured I-V responses of some of MIM/MIIM diodes with 200nm×200nm junction 
areas were presented in Fig. 5.5 to Fig. 5.10. The DC characteristics of MIM diodes with a single 
tunnel layer of 3nm-thick alumina (Al2O3) is shown in Fig. 5.5 and a device with a hafnia (HfO2) 
tunnel layer of 3nm in thickness is shown in Fig. 5.6. The plots include measure current, 
differential resistances, responsivity, asymmetry, and nonlinearity across the entire range of the 
bias voltage. It was observed that the key figures of merits (i.e asymmetry and nonlinearity) in  
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Figure 5.5: Measured DC characteristics of Pt-Al2O3-Ti MIM diodes with 3nm-thick tunnel layer of 
junction size of 200nm×200nm. (a) Current versus bias voltage; (b) differential resistance; (c) 
nonlinearity; (d) asymmetry; and (e) responsivity 
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Figure 5.6: Measured DC characteristics of Pt-HfO2-Ti MIM diodes with 3nm-thick tunnel layer of 
junction sizes of 200nm×200nm. (a) Current versus bias voltage; (b) differential resistance; (c) 
nonlinearity; (d) asymmetry; and (e) responsivity. 
(a) (b) 
(c) (d) 
(e) 
0 0.5 1
0.5
1
1.5
2
V [V]

-1 -0.5 0 0.5 1
-2
-1
0
1
2
3
V [V]
I 
[

A
]
0 0.5 1
0
1
2
3
V [V]

-1 -0.5 0 0.5 1
-1
-0.5
0
0.5
1
x 10
7
V [V]
R
es
p
. [
V
/W
]
-1 -0.5 0 0.5 1
0
1
2
3
4
V [V]
R
 [
M

]
(a) (b) 
(c) (d) 
(e) 
104 
 
 
Figure 5.7: Measured DCIV characteristics of Pt-Al2O3-TiO2-Ti MIM diodes with 1.5nm-thick 
constituent tunnel layers and junction sizes of 200nm×200nm. 
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Figure 5.8: Measured DC characteristics of Pt-Al2O3-TiO2-Ti MIM diodes with 1.5nm-thick constituent 
tunnel layers junction sizes of 200nm×200nm. (a) asymmetry; and (b) nonlinearity versus bias voltage. 
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Figure 5.9: Measured DC IV characteristics of Pt-Al2O3-HfO2-TiO2-Ti MIM diodes with 1.5nm-thick 
constituent tunnel layers for junction sizes of 200nm×200nm. 
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Figure 5.10: Measured DC characteristics of Pt-Al2O3-HfO2-TiO2-Ti MIM diodes with 1.5nm-thick 
constituent the tunnels layers and junction sizes of 200nm×200nm. (a) asymmetry; and (b) nonlinearity 
versus bias voltage. 
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DC characteristics of these single layer devices are fairly similar. Both types of devices 
have exhibited limited nonlinearity and the asymmetry around one. However, there is disparity in 
the range of operational current; thus leading to difference in the junction differential resistance.  
The DC behavior of the MIM devices with multiple insulator tunnel layers was measured 
and the results are shown in Fig. 5.7 to Fig. 5.10. Fig. 5.7 and Fig. 5.8 show the DC 
characteristics of a MIIM diode, while Fig.5.9 and Fig. 5.10 present the DC characteristics of a 
MIIIM diode. The current was measured by biasing the diode from -10V to +10V. As shown in 
Fig. 5.7, for the MIIM diode under -10V of the bias voltage, the current reaches -4nA whereas 
the current is approximately 0.5nA under +10V by bias voltage. The same pattern was observed 
for MIIIM diode; -70nA was measured when the device is under reverse bias voltage of -10V, 
whereas almost no current was measured at +10V. All the measurements were done at room 
temperature. 
5.2 Engineering Effective Barrier Height of Multi-Tunnel-Layer MIM Diodes 
Fig. 5.5 and Fig. 5.6 show the responses that include (a) current versus voltage; (b) 
differential resistance versus voltage; (c) nonlinearity;(χ) versus voltage; (d) asymmetry (η) 
versus voltage; and (e) responsivity versus voltage for Pt-oxide-Ti MIM diodes with 3nm-thick 
Al2O3 and HfO2 tunnel layers, respectively. Fig. 5.7 and Fig. 5.9 present the current versus 
voltage relationship for a Pt-Al2O3-TiO2-Ti MIIM diode and a Pt-Al2O3-HfO2-TiO2-Ti MIIIM 
diode, respectively. The asymmetry and nonlinearity of the multi-tunnel-layer devices were 
shown in Fig. 5.8 and Fig. 5.10 for MIIM and MIIIM diodes correspondingly. The plot shown is 
for diode design structured of 200nm×200nm junction size. 
It was observed that despite the usage of metal electrodes with different work functions, 
the devices with a single tunnel layer have exhibited limited asymmetry and nonlinearity, 
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compared to the devices with multiple tunnel layers. It was reported recently that great 
asymmetry performance of MIM diodes is not primarily limited by the difference in work 
function of the different metal electrodes [93, 157]. Implementation of the device with multiple 
tunnel layers improves the asymmetry as well as the nonlinearity. It is evident in the results 
presented in this work that the asymmetry was high for the Pt-Al2O3-TiO2-Ti MIM diode. This 
was a consequence of the employment of a stacked dual layer of oxides as the tunnel layer. From 
the I-V plot, it was observed that the MIIM/MIIIM devices are turned on under reverse bias. 
Also, the analysis of Pt-Al2O3-HfO2-TiO2-Ti MIIIM diode showed a similar response as that of 
the MIIM. However, the MIIIM device exhibited superior asymmetry and nonlinearity compared 
to a dual tunnel layer MIIM diode. This was a result of the thickness of the tunnel junction as 
well as the use of an extra tunnel layer with asymmetrical barrier height. 
5.2.1 Pt-Al2O3-Ti and Pt-HfO2-Ti MIM Diode  
 The purpose of this study was to design and fabricate a nano-scale “zero bias” MIM 
tunneling diode for mixing and rectifying high frequency signals. As discussed in Chapter 4, 
junction size, material composition and thickness of the tunnel layer are the primary factors that 
determine the diode performance. In addition, the electronics structure of the junction materials 
plays a crucial role in determining the tunneling characteristics of the devices. Specifically, the 
electron tunneling probability through a tunnel barrier is determined by the barrier height. The 
barrier height is affected by the tunnel layer’s electron affinity that is determined by the oxide 
thickness.  
The rectifying performance of a MIM diode can mathematically predicted by its barrier 
height as shown by this research. That is the reason why greater effort has been devoted to 
engineering the barrier height of the device. The asymmetry and the nonlinearity of the MIM 
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diode is the consequence of the Schottky barrier height formed at the interface of metal/insulator.  
For example, to determine the turn-on voltage of the MIM diode, Periasamy et al. [160] proposed 
that “to minimize the turn-on voltage and maximized asymmetry and nonlinearity, the electron 
affinity of the insulator should be close to one of the metal work function values so as produce 
low barrier height.” The DC rectifying characteristics of a single layer nano-junction MIM diode 
were shown in Fig. 5.5 and Fig. 5.6. The analysis presented evaluates the DC characteristics of 
Al2O3 and HfO2, respectively. 
The work functions of Pt and Ti were assumed to be 5.3eV and 4.1eV, respectively. 
Likewise, the electron affinity of Al2O3 and HfO2 was assumed to be 1.3eV and 2.5eV, 
respectively. Hence, the barrier heights of Pt-Al2O3, HfO2-Ti, Pt-HfO2, and HfO2-Ti interfaces 
were 4eV, 2.8eV, 2.8eV, and 1.6eV, respectively. This implies that the Pt-HfO2-Ti MIM diode 
should exhibit better asymmetry and nonlinearity compared as to the Pt-HfO2-Ti MIM diode. 
This was evident in the analysis observed in Fig. 5.5) and Fig. 5.6, while devices with HfO2 
tunnel layer have exhibited limited asymmetry and nonlinearity, HfO2, devices with Al2O3 
exhibited no asymmetry and nonlinearity. 
5.2.2 Pt-Al2O3-TiO2-Ti MIIM Diode  
Considering the electronic structure of the Pt-Al2O3-TiO2-Ti MIIM diode, the material 
interfaces were cascaded to affect the formation of effective barrier height that allowed an easy 
forward electron tunneling. Three barrier heights were formed with the MIIM diode, one 
between Pt-Al2O3 (ϕ1), another between Al2O3-TiO2 (ϕ2), and the third between TiO2-Ti (ϕ3). 
The barrier height between adjacent materials was expressed as the difference between the metal 
work-function (Φ) and the electron affinity (χ) of the oxide for the metal/oxide barrier [140], or 
the difference between electron affinities (χ) of two adjacent oxides, for oxide/oxide interface. 
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Tunnel current through the MIM diode is exponentially dependent on the mean barrier 
height [76, 88, 94]. The interfaces were engineered so that the barrier height value at one end 
(representing the valence band) was drastically higher than the other end (corresponding to the 
conduction band). For a Pt-Al2O3-TiO2-Ti device, the barrier height between Pt-Al2O3 interface 
was approximately 4eV, while the barrier height of the Al2O3-TiO2 and TiO2-Ti interfaces were 
1.3eV and0.3eV respectively. This means that approximately 4eV was needed to bring the Fermi 
level of the Pt to the conduction level of TiO2 to allow direct tunneling through the 1.5nm-thick 
Al2O3 tunnel layer. In summary, the effective barrier was formed with cascaded interfaces in a 
way that ϕ1> ϕ2 >ϕ3, thus the electron was propelled from the valence band of the bottom 
electrode to the top electrode, which represents the conduction band of the device. With this 
configuration, as the device was biased by a sweeping voltage the magnitude of the negative 
current increases more rapidly than that of the positive current. As expected, this caused a 
negative slope in the nonlinearity versus voltage plot. This was evident in the I-V characteristics 
shown in Fig. 5.7 and nonlinearity seen in Fig. 5.8.  
5.2.3 Pt-Al2O3-HfO2-TiO2-Ti MIIIM Diode 
To further the improvement of the performance of MIM diode devices, another Schottky 
barrier was introduced by adding an extra metallic oxide to the MIIM tunneling diode. An 
MIIIM tunneling diode was fabricated with a stacked Al2O3, HfO2, and TiO2 tunnel layers. In the 
same manner as the MIIM, the oxides were cascaded to form an effective barrier height with ϕ1> 
ϕ2 >ϕ3>ϕ4. The Pt-Al2O3-HfO2-TiO2-Ti MIIIM diode DC rectifying performance was presented 
in Fig.5.9 and Fig. 5.10. Each of the oxide tunnel layers was 1.5nm-thick, thus leading to a total 
thickness of 4.5nm. The electron affinities assumed for the oxides were 1.35eV, 2.5eV, and 
2.95eV for Al2O3, HfO2, and TiO2, respectively. In this case, ϕ1 = 4eV, ϕ2 = 1.15eV, ϕ3 = 0.45eV, 
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and ϕ4 = 2.05eV. When a negative (forward) bias voltage is applied to the Ti electrode, a higher 
measured current compared to the reverse voltage is presented in Fig. 5.9. Also, the asymmetry 
and nonlinearity responses were higher in the MIIIM diode, compared to the MIM and MIIM 
diodes. 
5.3 Summary  
Based on the model prediction discussed in chapter 2, electron tunneling in either MIM, 
MIIM or MIIIM diode is anticipated to demonstrate high level of nonlinearity and asymmetry. 
Examining the DC characteristics for these four sets of devices, it’s observed that the tunneling 
characteristics of the stacked multiple thin film tunnel layers result in superior performance 
compared to the devices with single tunnel layer. Fig. 5.5 (a), Fig. 5.6 (a), Fig. 5.7 and Fig. 5.9 
displays I-V characteristics of the MIM diodes with a single HfO2, or Al2O3, double tunnel layer 
of Al2O3/TiO2 and triple tunnel layer stack of Al2O3/HfO2/TiO2, respectively. As shown by the 
measured DC characteristics in Fig. 8 and Fig. 10 due to tailored potential barrier of the stacked 
layers, there is considerably greater degree of asymmetry (greater than 10
3
) and nonlinearity 
(greater than 20). The asymmetric characteristics of the nano-scale devices with multiple tunnel 
layers in this work make such a class of MIM diodes excellent choice for mixing high high-
frequency signal up to THz. 
Fig. 5.7 and Fig. 5.9 show the diodes behaviors under the forward and reverse bias 
voltages. It seems the forward current is negligibly small and rise monotonically as the voltage 
increases. At specific voltages (I=-2.2V, II=3.9V, and III=8.9V ) in Fig. 5.11, there exists a 
hallmark for engineering band structure base on the tunneling current, as a result of cascaded 
potential in the tunneling layers. At the voltage “I”, there is enough energy from the bottom 
electrode (Pt) to surpass that tilted potential barrier of first tunnel layer barrier and matching the 
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edge of the potential barrier of the second tunnel layer. As the bias voltage increase, the potential 
barrier height formed by the second tunnel layer decreases. The transportation of electron from 
one electrode to another through a designed multiple interfaces of potential barrier height has 
been implemented. As a result, it has been observed oxides layer engineering could be only 
significant means by which high degree of I-V asymmetry and nonlinearity have been achieved.  
 
 
Figure 5.11: DC I-V characteristics of a Pt-Al2O3-TiO2-Ti MIIM diode. Showing the forward current 
behavior with three specific region of formation of potential well between interface. 
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CHAPTER 6: MIM DIODE RF CHARCTERIZATION  
This study develops the equivalent circuit model of the MIM/MIIM diodes based on 
measured RF performance within 0.01 – 65 GHz. Subsequently, the circuit model is used to 
study the expected responsivity performance of the diodes.  
 
 
MIM/MIIM diode’s equivalent circuit consists of voltage dependent and independent 
components. As already discussed in Chapters 2 and Chapter 4, the band diagram and associated 
I-V responses can be affected by the bias voltage. This means that the junction resistance of the 
diode depends on the voltage. On the other hand, capacitance of the diode is directly related to 
the thickness of the insulator between the metal electrodes. Hence, junction capacitance is fixed 
and independent of bias voltage. The equivalent circuit of the diode junction has been already 
Figure 6.1: The lumped-elements equivalent circuit model for a MIM tunneling diode. 
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established, and its replica is shown in Fig. 6.1, where Rj(Vj) represent voltage dependent 
nonlinear junction resistance of the diode, the Rs represents the series resistance and the Cj 
represents the diode shunt junction capacitance. 
6.1 Device Characterization 
6.1.1 Schottky Diode Characterization 
For a preliminary study, the DC and RF characterizations of off-the-shelf Schottky diodes 
were carried out to provide a complete understanding of their complex impedance behavior. A 
surface mounted Schottky diode SKD_INF_ST23 was used to investigate and develop a generic 
procedure for the parameter extraction. The scattering parameters (S-parameter) of the diode 
were obtained using the vector network analyzer (VNA) connected to the device via bias Tees 
(the measurement setup will be discussed later in this chapter). The VNA was calibrated using a 
customized Thru-Reflect-Line (TRL) calibration (shown in Fig. 6.2). The 50Ω microstrip lines 
were designed using ADS LineCalc. 
 
 
 
Figure 6.2: A measurement substrate showing device under test (DUT) with custom designed 
calibration microstrip lines. 
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An optimization procedure was carried out to fit the measured scattering parameter 
values to the model predicted scattering parameters based on the equivalent circuit. This 
Figure 6.4: S-parameter plots at different bias voltages for 0V, 0.1V and 0.3V. S1,1 and S3,3 represent 
measured and equivalent circuit predicted parameters at 0V bias condition, respectively; S5,5 and S7,7 
represent measured and equivalent circuit predicted parameters at 0.1V bias condition, respectively; 
and S9,9 and S11,11 represent measured and equivalent circuit predicted parameters at 0.3V bias 
condition, respectively. 
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Figure 6.3: Equivalent circuit model used to represent RF behavior of Schottky diodes 
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procedure was implemented in Advanced Design System (ADS) software to extract the package, 
parasitic, and junction parameters of the diode (see Fig. 6.3) at different bias voltages. As shown 
in Fig. 6.4 and Fig 6.5, the parameter extraction approach has been successfully developed and 
validated. A similar approach will be applied to study the nanofabricated MIM/MIIM diodes to 
extract equivalent circuit models from their measured scattering parameters. 
 
6.1.2 MIM Tunneling Diode Characterization 
The RF characterization was performed using the I-V and two port scattering parameter 
measurements. The process included: 
Figure 6.5: S-parameter plots at different bias voltages for -3V, 0.1V and 0.3V. S1,1 and S3,3 represent 
measured and equivalent circuit predicted parameters at -3V bias condition, respectively, S5,5 and S7,7 
represent measured and equivalent circuit predicted parameters at 0.1V bias condition, respectively, 
and S9,9 and S11,11 represent measured and equivalent circuit predicted parameters at 0.3V bias 
condition, respectively 
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 Current (I) vs. voltage (V) measurement – Here the preliminary performance of the diode 
was observed. In addition, the differential resistance (Rj= dV/dI) of the diode was 
calculated from the I-V data.  
 Device cutoff frequency – The cutoff frequency of the diode was determined from its RC 
time constant, defined as: fc = 1/2πRjCj, with Cj =εA/d, where A is the junction area, d is 
the junction tunnel layer thickness and ε is the junction tunnel material’s dielectric 
constant. 
 S-parameter measurement - A two port frequency dependent S-parameter measurement 
was carried out at different bias voltages. The data obtained from the vector network 
analyzer is in Touchtone file format with s2p file extension.  
 The measured data and circuit optimization – The proposed circuit voltage dependent 
junction resistance and other voltage independent components were optimized to be fitted 
against the response with the measured S-parameters.  
The MIM, MIIM and MIIIM diodes used for the modeling process were Pt-Al2O3-Ti 
(with 3nm-thick Al2O3), Pt-HfO2-Ti (with 3nm-thick of HfO2), Pt-Al2O3-TiO2-Ti (with 1.5nm-
thick Al2O3 and 1.5nm-thick of TiO2), and Pt-Al2O3- HfO2-TiO2-Ti (1.5nm-thick Al2O3, 1.5nm-
thick of HfO2, and 1.5nm-thick of TiO2). The junction areas of all the devices were 
200nm×200nm. The fabrication process of these devices was discussed in Chapter 5.  
6.1.3 MIM Diode Equivalent Circuit Model 
The cross-sectional view of a high frequency planar MIM diode with a single tunnel layer 
is shown in Fig. 6.6. The MIM junction diode is indicated with the diode symbol. The intrinsic 
parasitic voltage dependent spreading resistance is depicted showing its connection to the diode. 
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The parasitic extrinsic lumped elements are from the coplanar waveguide (CPW) feed lines 
connected to the device. Fig. 6.7 presents the SEM top-view of the device. 
 
 
6.1.4 Measurement Setup 
Figure 6.8 presents the corresponding RF measurement setup used in this work. The 
E8361A PNA network analyzer (10 MHz to 67 GHz) by Agilent was used for the S-parameter 
measurement. The PNA was connected to the GGB ground-signal-ground (GSG) probes which 
have 150μm pitch size. The PNA was connected to the probe through Picosecond Pulse Lab bias 
Tees; which was used to apply a DC voltage across the device under test (i.e., MIM diode). The 
Agilent E3631A DC output DC power supply was used as the voltage source.  
The S-parameter measurement was performed using a two-port measurement setup. 
Although the diodes were designed for frequencies well above 100GHz, their RF characteristics 
were measured from 1GHz to 65GHz due to the available capability. The E8361A PNA network 
analyzer port attenuation was set to -30dB at port one and port two of the network analyzer to 
ensure small signal conditions. The PNA was calibrated using the Short-Open-Load-Thru 
(SOLT) calibration standard on CS5 calibration substrate. The S-parameter of the devices were 
Figure 6.6: Cross-sectional view schematic of a typical MIM diode structure. 
 
Gold Contact 
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measured under different voltages. For the on-wafer measurement, 1µm-thick gold cpw probe 
pads without backside metallization were employed as shown in Fig. 6.7. Gold was used as the 
contact pad, with a thickness of 1.0μm.  
 
 
 
 
The parameter extraction using the outlined optimization approach is shown in Fig. 6.8. 
An ADS gradient based optimization technique was used. The simulation was carried out 
simultaneously for fitting the equivalent model to the measured responses under 3 different bias 
conditions. The voltage independent components of all the circuits were kept same under all the 
bias condition. The results shown in Fig. 6.10 to Fig. 6.13 represent the reflection and 
transmission responses for the Pt-Al2O3-HfO2-TiO2-Ti MIIIM diode, Pt-Al2O3-TiO2-Ti MIIM 
Probe Alignment Plane G 
S 
G 
Figure 6.7: SEM image showing the structure of a nano-junction sized MIM diode in the CPW 
configuration for on wafer measurement. 
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diode, Pt-HfO2-Ti MIM diode, and Pt-Al2O3-Ti MIM diode, respectively. The MIIIM and MIIM 
diodes were measured under a bias voltage ranging from -10V to +10V, while the MIM diode 
was biased between -2V and +2V. The bias voltage was limited by the DC operational voltage of 
the devices as discussed in Chapter 5. Table 6.1 to Table 6.4 summarizes the intrinsic and 
extrinsic lumped element optimization values for all the cases. Consistent with the DC analysis 
presented in Chapter 5, the extracted parameters for junction resistance and capacitance are on 
par with the calculated values from DC analysis.  
 
 
 
VNA
P1 P2
AC AC
DC DC
AC+DC AC+DC
DC Power Supply
Figure 6.8: RF measurement setup with the device under test (DUT) connected to the VNA and the 
voltage source via a pair of bias Tees. 
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Intrinsic Device 
Figure 6.9: For direct comparison between measured responses and the model predicted behavior, 
both the small-signal equivalent circuit model and the measured s2p data were jointly studied by 
ADS simulation. Through a model optimization procedure, the fitted model parameters were 
extracted through comparison.  
Measured Data 
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(b) 
Figure 6.10: The optimization result for the Pt-Al2O3-HfO2-TiO2-Ti MIIIM diode showing the plots for 
the measured and modeled S-parameter responses at different bias voltages. S1,1, S3,3, S2,1, and S4,3 
modeled reflection and transmission characteristics at -10V, S5,5, S7,7, S6,5, and S8,7 represent measured 
and modeled reflection and transmission characteristics at 0V, and S9,9, S11,11, S10,9, and S12, 11  represent 
measured and modeled reflection and transmission characteristics at +10V, respectively 
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Figure 6.11: The optimization result for the Pt-Al2O3-TiO2-Ti MIIM diode showing the plots of the 
measured and modeled S-parameter response at different bias voltages. S1,1, S3,3, S2,1, and S4,3  
represent measured and modeled reflection and transmission characteristics at -10V, S5,5, S7,7, S6,5, and 
S8,7 represents measured and modeled reflection and transmission characteristics at 0V, and S9,9 S11,11, 
S10,9, and S12, 11   represents measured and modeled reflection and transmission characteristics at +10V, 
respectively 
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Figure 6.12: The optimization result for the Pt-HfO2-Ti MIM diode showing the plots of the measured 
and modeled S-parameter response at different bias voltages. S1,1, S3,3, S2,1, and S4,3  represent measured 
and modeled reflection and transmission characteristics at -2V, S5,5, S7,7, S6,5, and S8,7 represents 
measured and modeled reflection and transmission characteristics at 0V, and S9,9 S11,11, S10,9, and S12, 11  
represents measured and modeled reflection and transmission characteristics at +2V, respectively. 
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Figure 6.13: The optimization result for the Pt-Al2O3-Ti MIM diode showing the plots of the measured 
and modeled S-parameter response at different bias voltages. S1,1, S3,3, S2,1, and S4,3  represents measured 
and modeled reflection and transmission characteristics at -2V, S5,5, S7,7, S6,5, and S8,7 represents 
measured and modeled reflection and transmission characteristics  at 0V, and S9,9 S11,11, S10,9, and S12, 11  
represents measured and modeled reflection and transmission characteristics at +2V, respectively. 
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Table 6.1: Extracted lumped element values for the equivalent circuit for a Pt-Al2O3-HfO2-TiO2-Ti diode. 
 -10V 0V 10V 
Extracted Rj (GΩ) 6.67 50.5 1.35 
Extracted Cj (fF) 7 7 7 
Lin (pH) 291 291 291 
Lout (pH) 2.8 2.8 2.8 
Cin (fF) 23 23 23 
Cout (fF) 17 17 17 
Rs (Ω) 75 84 77 
 
Table 6.2: Extracted lumped element values for the equivalent circuit for Pt-Al2O3-TiO2-Ti diode. 
 -10V 0V 10V 
Extracted Rj (GΩ) 1 80.2 8.2 
Extracted Cj (fF) 6 6 6 
Lin (pH) 263 263 263 
Lout (pH) 3 3 3 
Cin (fF) 22 22 22 
Cout (fF) 16 16 16 
Rs (Ω) 71 95 76 
 
Table 6.3: Extracted lumped element values for the equivalent circuit for a Pt-HfO2-Ti diode. 
 -2V 0V 2V 
Extracted Rj (GΩ) 6.2 1.15 3.1 
Extracted Cj (fF) 7 7 7 
Lin (pH) 282 282 282 
Lout (pH) 3.2 3.2 3.2 
Cin (fF) 23 23 23 
Cout (fF) 17.87 17.87 17.87 
Rs (Ω) 73 73 73 
 
Table 6.4: Extracted lumped element values for the equivalent circuit for Pt- Al2O3-Ti diode. 
 -2V 0V 2V 
Extracted Rj (GΩ) 9.9 1.9 4.9 
Extracted Cj (fF) 8.1 8 7.9 
Lin (pH) 242.1 242.1 242.1 
Lout (pH) 3.1 3.1 3.1 
Cin (fF) 25.1 25.1 25.1 
Cout (fF) 22.1 22.1 22.1 
Rs (Ω) 51.12 50.96 65.40 
 
The intrinsic model parameters extracted from the above optimization procedure are 
similar to the calculated values obtained from the DC measurements. For example, from the I-V 
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data, the MIIIM junction resistance can be calculated as 6GΩ, 50GΩ, and 1GΩ at -10V, 0V, and 
+10V biases, respectively. As shown in Table. 6.1, the extracted junction resistance values are 
fairly consistent.  
6.2 Rectification Performance of the Diodes 
To determine the rectification efficiency of the MIM/MIIM/MIIIM diodes, a detector 
circuit simulation was performed. In practice, the major application of the MIM tunneling diode 
described in the work is mainly for rectifying signal to generate DC output. As discussed earlier, 
the key applications of the devices are non-linear signal processing in term of rectification, 
detection and mixing. For the case of a rectifier, a fraction of RF input power is converted into 
DC output. To test the devices as a detector, the extracted circuit model is incorporated in a RF 
detection scheme within ADS. The nonlinear junction resistance of the diode is modeled with the 
Agilent Symbolically-Defined Device (SDD) tool. SDD is an equation based component, which 
captures the non-linear behavior in a single or multiple port device arrangement.  
The MIM diode is modeled as a nonlinear resistor based on the measured I-V response. 
The MIM diode junction equivalent circuit consists of a resistor and a capacitor (see Fig. 6.1). 
The diode is biased with a DC voltage and excited with an incident RF signal. From the 
equivalent circuit model of the diode, the series resistor Rs is the total resistance created by the 
contact and lead metals, Rj is voltage dependent junction resistance (modeled with SDD) and Cj 
is the junction capacitance. Lin, Cin, Lout, and Cout are parasitic components that model the 
presence of the pad.  Consequently, the circuit is used to simulate the detection capability of the 
diode. Rj was extracted from the I-V measurement. From the DC measurement, the relationship 
between measured voltage (Vm) and the measured current (Im) is Vm = Im*(Rs + Rj). Rs has been 
extracted in Table 6.1 to 6.4 based on measured S-parameters and data fitting procedures. Hence, 
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Rs is known and Rj can be written as Rj = (Vm – ImRs)/Im. This can be written as Im*Rj = (Vm – 
Im*Rs) => I*Rj = V. Since Rj is voltage dependent, a polynomial fit between I and V can be 
established to model its efficiency in the SDD. Fig. 6.14 present the I-V curve represented with a 
5
th
 order polynomial equation I= (3.7e-5V
5
-1.5e-3V
4
+1.7e-2V
3
-5.3e-2V
2
-3.6e-3V+0.11)*1e-9 for 
the MIIM diode. As seen, the 5
th
 order polynomial provides a good fit to the measured data. 
 
 
 
MIM/MIIM/MIIIM diodes have been evaluated with ADS simulation in a typical 
detector configuration with parallel RC termination as shown in Fig. 6.15. An harmonic balance 
simulation in ADS were employed to study the nonlinear behavior at different power levelsl of 
the RF generator. The source provides the single frequency alternating signal at a specified 
available power. It also provides a DC bias voltage. The results of the simulation are presented in 
Fig. 6.16 and Fig. 6.17. The devices were excited with 65GHz RF signal at the power level from 
+5dBm to +30dBm. The video resistance and capacitor at detector output terminal were set to be 
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Figure 6.14: Measured I-V response vs. the 5
th
 order polynomial fit used in SDD tool for a Pt-Al2O3-
TiO2-Ti MIIM diode. 
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10kΩ and 100pF, respectively. The values of the video elements were chosen to implement DC 
filtering.  
 
 
 
Fig. 6.16 and Fig. 6.17 show the detected voltage (Vout ) versus input power from the 
presented results, (although no attempt was made to match the input impedance to the diode 
impedance), it is seen that 1.5mV to 6.3mV is detected from MIIIM diode at different bias 
voltages (see Fig.6.16 (a)), MIIM diode rectifier generates 1mV to 10mV (see Fig. 6.16(b)), 
whereas a MIM diode with HfO2 5mV to 800mV rectified output and MIM diode with a Al2O3 
tunnel junction generates 0.1mV to 70mV of output signal. 
 
(a) 
(b) 
Figure 6.15: Schematic of the MIM diode detection implementation in ADS (Advanced Design System) 
software. 
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From the above result, Pt-HfO2-Ti MIM diode’s rectification efficiency was found to be 
the best among all diode. In Chapter 5, the Pt-HfO2-Ti diode’s responsivity (see Section 5.1.3) 
was found to be the , which is around ±10
7
V/W at -0.28V bias voltage. However, although 
responsivity is lower at 1V bias voltage, the diode has also a lower differential resistance as seen 
from Fig. 5.6. Due to the lower differential resistance, the RF power coupled into the diode more 
efficiently and therefore a better rectification is achieved at 1V bias voltage despite its lower 
responsivity. As a result, the bias voltage is predominant in determining rectification 
performance of the diodes.   
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Figure 6.16: The simulated characteristics of nano-scale MIIIM and MIIM diodes showing detected the 
output voltage versus the input power. (a) Pt-Al2O3-HfO2-TiO2-Ti MIIIM diode detection plot; and (b) Pt-
Al2O3-TiO2-Ti MIIM diode detector 
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Another condition is investigated to improve the performance of the diode. Fig. 6.18 
presents the Vout versus incident RF power for Pt-HfO2-Ti MIM diode and Pt- Al2O3-HfO2-TiO2-
Ti MIIIM diode with A, B, and C plots. Plots A and C have 1MΩ video resistance connected in 
series with the diode but different source input impedance (while A has 50Ω, C has 200Ω). Plot 
B has 50Ω impedance at the source and 10kΩ video impedance. In both cases, the diode was 
biased at 1V. The results show that the value of the video resistance and different source 
impedance contributes to the magnitude of the detected voltage. The detector responsivity can be 
improved by maximizing the RF power delivered to the diode.  
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Figure 6.17: The detected voltage characteristics of nano junction MIM diodes showing the output voltage 
versus source input power. (a) Pt-HfO2-Ti MIM diode; and (b) Pt-Al2O3-Ti MIM detection plot 
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A
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C
A- Input impedance of 50Ω, video resistance of 1M Ω, simulated at 1V  
B - Input impedance of 50Ω, video resistance of 10k Ω, simulated at 1V 
C - Input impedance of 200Ω, video resistance of 1M Ω, simulated at 1V 
(a) 
(b) 
Figure 6.18: Detector output voltage versus input power simulated with different video resistance and 
input resistance. (a) a Pt-HfO2-Ti MIM diode; and (b) a Pt- Al2O3-HfO2-TiO2-Ti MIIIM diode based 
detector.  
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6.3 Summary 
RF characterizations of MIM/MIIM/MIIIM diodes were performed. The characterization 
method compares the measured data with equivalent circuit model to extract the equivalent 
circuit model parameters. First, the scattering parameters of the MIM diodes were measured 
using the VNA, with the setup described in Fig. 6.8 and Fig. 6.9. Subsequently a, RF circuit 
simulators (i.e., Advanced Design Systems (ADS)) were employed to improve the fitting 
between the measured results and response of the circuit model. By employing this methodology, 
the circuit model shown in Fig. 6.10 was used to extract lumped element model parameter. The 
summary of the extracted lumped element parameter for each device was presented in Table 6.1 
– Table 6.4. The MIM diode parasitic element consisted of Cin, Lin, Cout, and Lout, and the voltage 
dependent lumped element parameters are of Rs, Rj and Cj.  
From the rectification efficiency studies, it’s observed that; 
 The incident RF power level at which detection response transitions into the linear 
range is higher in devices with stacked junctions as compared to the MIM diodes with 
single tunnel layer diodes.  Specifically, the transition occurs approximately at -
50dBm for MIM diode, whereas MIIM/MIIIM diodes go through transition at -
25dBm of power (see Fig. 6.19). This is because the barrier height in the stacked 
layers is higher than single layer, which result in higher impedance and RF mismatch. 
 The level of detected output voltage varies when the device is biased under different 
voltages. 
 The diode’s rectification efficiency depends strongly on junction resistance. High 
junction resistance diodes require more voltage and high RF power for rectification. 
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 All nanofabricated MIM/MIIM/MIIIM diodes exhibited nonlinear response that 
provides RF rectification. Dual and triple layer junction provides lower rectification 
efficiency. However, there are uncertainties in their junction thickness that may 
significantly affect their I-V responses. In our future works, the effects of multiple 
tunnel junction on the rectification efficiency is going to be further explored, by 
comparing the strength of the rectified signals generated by MIM, MIIM, and MIIIM 
diodes..  
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CHAPTER 7: CONCLUDING REMARK AND FUTURE WORK 
7.1 Conclusion 
In this dissertation, we have described the procedures for carrying out high yield batch 
fabrication of MIM diodes. In addition, a procedure for characterizing planar MIM/MIIM/MIIIM 
tunneling diodes is presented, based on direct current (DC) measurements, scattering parameter 
measurements and directivity simulations. In designing and fabricating these diodes, the 
thickness of the thin-film tunnel material, sandwiched between two metal electrodes to create a 
barrier, has been associated to the linearity and junction differential resistance of the diode 
extracted from DC I-V characterization. This directly determines the responsivity of the diode. A 
stacked ultra-thin tunnel layers was also implemented to improve the asymmetry and the 
nonlinearity of the MIM diode. It was found that when a number of the stacked tunnel layers 
with different electron affinities are used, the performance (i.e asymmetry and nonlinearity) of 
the diode improves.  
As a design strategy, a numerical analysis was developed to examine the behavior of the 
electron transport from one metal electrode to another metal electrode through the barrier. This 
was done for single and multiple barrier layers. In this effort, the tunneling theory base on 
quantum mechanical (QM) modeling of the current through MIM with a single and multiple 
tunnel layer(s) is presented. First, an airy function based on the transfer matrix method was 
employed to analyze expression for deriving electron tunneling probability. Secondly, to conduct 
the investigation of electron tunneling through the barrier, a well-known Wentzel-Kramers-
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Brillouin (WKB) approximation method was also employed to calculate the tunneling 
probability of electron transporting through a thin film. 
In Chapters 4 and Chapter 5, an investigation was conducted on MIM diodes having 
different tunnel materials, which were fabricated with a range of junction areas and junction 
thicknesses prepared by atomic layer deposition. The employment of the ALD process allows 
formation of pin-hole free tunneling layers with precisely controlled thickness in the sub-5nm 
range. The effect of the physical properties of the constituent tunneling layer, such as its 
composition and thickness, often result in a pronounced change in the I-V characteristics and the 
barrier height. MIIM and MIIIM diodes with stacked multiple tunneling layers were also 
investigated, which have exhibited superior responsivity as compared to that of MIM 
counterparts with a single tunnel layer. It is evident that the asymmetry of devices with multiple 
stacked tunnel layers is much more pronounced than that of the typical MIM diode. The 
nonlinearity is also significant improved in MIIM/MIIIM diodes, which suggests that 
MIIM/MIIIM diodes are superior in term of their rectification efficiencies when compared with 
that of the best MIM diode. With a generalized model for an MIM diode junction, the average 
barrier heights of the several devices were determined and extracted by fitting the model against 
measured I-V responses. Moreover, the results in this dissertation have verified the importance of 
the strategic choice of tunneling material and its impact on key diode performance parameters. 
With the procedure, the barrier height was deduced. Consequently, the exact value for electron 
affinity of the tunnel oxide was determined. The results were compared to the previously 
published studies on materials’ electron affinities.  
In addition, with the RF characterization and modeling approach, a procedure was 
developed to extract the characteristic impedance of the MIM tunneling diode. The 
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characterization and the modeling procedure developed in this dissertation to extract the MIM 
diode equivalent circuit model has led to an equivalent circuit model that is verified by RF 
testing at high frequencies. This was demonstrated with RF measurement up to 65GHz. 
Impedance mismatch between the diode and the antenna has been a challenge against efficient 
coupling between antenna and the diode. The novel procedure documented in this dissertation 
will assist the designers to accommodate the complex nature of diode impedance. The lumped 
element equivalent circuit of the diode is extracted from its measured S-parameter up to 
millimeter frequencies.  
7.2 Contributions 
 A thorough study was conducted to evaluate the impact of the material properties on the 
overall diode performance by strategically adjusting the device tunneling properties. For 
this purpose, numerous MIM diodes with different ALD metal oxides with varied 
thickness have been explored. Even though some of the materials in this experiment have 
been exployed by others individually, the extended work with in terms of micro/nano-
fabrication and the approach we taken in this dissertation has not been reported 
previously. 
 Direct study was conducted by performance comparison between devices with a single 
and multiple tunnel layer tunneling diodes. The DC and RF characterization of the 
stacked tunnel layer was investigated to demonstrate its performance benefits as compare 
to that of the single layer tunnel diode. This was done with different junction area ranging 
from nanoscale to microscale. 
 A mathematical modeling and optimization procedure was developed to extract the mean 
barrier height of an MIM diode from its I-V response. As opposed to the prior efforts that 
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utilize the bulk properties of materials to determine the barrier height of an MIM diode, 
the approach presented in this dissertation derives an accurate empirical value based on 
the actual measurement of the device. 
 There is presentation of additional process to improve on the repeatability of the 
fabrication process of MIM diode. This involves cleaning every layer of the lithography 
with piranha etching. It aids in reducing every residual resist that can create extra charge 
or hole within layers interfaces. 
 A novel MIM diode equivalent model parameter extraction approach was developed. 
With this procedure, the actual values of the voltage dependent junction lumped element 
model parameters are ascertained, which reveals the characteristics impedance of the 
diode. One promising application of MIM diodes demands integration with antennas. 
However, the problem of impedance mismatch between antenna and coupled MIM diode 
could be addressed with this procedure. 
7.3 Future Work 
 The application of the MIM diode parameter extraction techniques of this work to design 
and characterize a rectifying antenna (i.e., rectenna) for the purpose of efficiently 
scavenging energy from EM radiation at quasi-optical frequencies (i.e. 100GHz to 1THz) 
would be one major future research area. Various antenna configurations could be 
employed for integration with these diodes for spectral image acquisition. 
  Study could be conducted to explore MIM diode with organic monolayer individually or 
a stack of organic/inorganic tunnel layers.  
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